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ABSTRACT  
               
 
This thesis describes the optimisation of the growth of bulk cubic GaN with low 
hexagonal content and with the intention of making it a commercial substrate for 
device applications. The optimised material was then applied for fabrication of cubic 
AlxGa1-xN/GaN based double barrier resonant tunnelling diode (DBRTD) devices. 
The devices with a clear negative differential resistance (NDR) and high 
reproducibility are demonstrated.  
 
In the early part of this project, we reported a study on cubic GaN material with the 
variation of III/V ratio, growth rate and wafer position. Using PL and XRD 
measurements, we found that all these factors influence the increase of hexagonal 
inclusions in cubic GaN, leading to poor quality in cubic nitride growth. This 
problem however is more significant when the thickness of cubic GaN is increased. 
From the calibration work, a ~50m cubic GaN layer has been grown for the first 
time with a low average proportion of hexagonal inclusions of around 10% and just 
few percent at the interface of cubic GaN and GaAs substrate. Thus, the interface 
would be the most suitable surface for further growth. 
 
Next, we investigated the fundamental properties of cubic GaN using picosecond 
acoustic measurements. In this material, the sound velocity is found to be 6.9±0.1 
kms-1, elastic constant = 285±8GPa and the refractive index at 400nm = 2.63±0.04. 
Comparison with hexagonal GaN films indicated that these parameter values differ 
considerably in different symmetry of GaN. These show the usefulness of our layers 
for determination of the basic properties of cubic GaN using a wide range of 
techniques. 
 
From the Hall transport measurement, the electrical properties of undoped cubic GaN 
samples depend on growth conditions and thickness. In this work, we successfully 
demonstrated p-type cubic GaN:Mn using C-doping and n-type behaviour from Si-
doped cubic GaN. However, these samples have high electron density but low 
  xiv
mobility as the residual impurities and intrinsic defects were found to be higher 
inside the samples. 
 
We extended the technology of growing cubic GaN to cubic AlxGa1-xN. A number of 
cubic AlxGa1-xN samples with different Al content, x were grown and characterised 
by PL measurement. We found that the hexagonal PL starts to dominate when x is 
increased, even for thin samples. This could be due to the problems of maintaining 
cubic AlxGa1-xN growth. It could also be due to the miscibility gap between AlN and 
GaN. More results and data are required to explain this behaviour. 
 
In this thesis, we demonstrated potential cubic GaN substrates for device applications 
for the first time. The study on bulk cubic GaN showed that the interface between the 
cubic GaN and the GaAs substrate has only few percent of hexagonal content. Thus, 
the surface that was in contact with GaAs is the most suitable surface for further 
processing and growth. Due to the effect of strain, As inclusions and defects were 
already formed on the surface. By polishing the surface for ~2 hours, these problems 
were minimised and the surface still had low hexagonal content. In this work, the 
first working InGaN LED device grown on a polished free-standing cubic GaN 
substrate has been demonstrated. Our polished cubic GaN substrates also improve 
the quality of the grown device as been measured by luminescence and I-V 
characteristics.  
 
In the last part of this thesis, we investigated the potential of cubic GaN for 
developing cubic AlxGa1-xN/GaN DBRTD devices. In the first stage of this work, the 
I-V characteristics of the cubic tunnel devices were calculated for various band 
offset, well width, barrier composition and barrier thickness parameters. From this 
work, optimal designs of cubic AlxGa1-xN/GaN tunnel diodes that could be fabricated 
and characterised were proposed. The result was then used as a starting point for the 
growth of cubic AlxGa1-xN/GaN DBRTD. A number of cubic AlxGa1-xN/GaN tunnel 
devices with different structural parameters were grown. Some devices showed a 
clear NDR effect but not all of them are reproducible due to breakdown of the 
device. This factor may also contribute to the irreproducibility of wurtzite 
(hexagonal) nitride based tunnel diodes in addition to the problem related to charge 
trapping.  
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 1 
CHAPTER 1: INTRODUCTION 
  
 
GaN and its related alloys are among the most favoured compound semiconductors 
for many varieties of device applications. In fact, considerable advancements in 
fabrication technology nowadays have expanded the area for many novel researches 
in nitride-based structures/devices. As compared to the III-arsenide system, the 
nitride ternary alloys have much wider energy bandgap and optoelectronic devices 
based on them can cover almost the entire spectral range; from infra-red to mid-
ultraviolet (UV). During the last few decades, numerous efforts have been made to 
produce light emitting diodes (LEDs) and laser diodes (LDs) that can operate at 
shorter wavelengths with excellent luminescent properties. Quite recently, nitride 
based blue LEDs with external quantum efficiency higher than 65% have been 
developed [1]. Also, a deeper UV emitting LD with emission at 336nm is now 
available [2]. These dramatic improvements in nitride-based opto-devices have 
driven a number of innovations and applications in solid-state energy-saving 
technologies, optical data processing and storage, fibre communication, traffic 
signals, mobile backlights, medical operations and general purposes, e.g. printers and 
scanners.   
 
The large band discontinuity of the AlGaN/GaN heterojunction allows GaN-based 
devices to give an output power density 5–10 times larger than that of GaAs-based 
devices. With the thermal conductivity of around 1.5W/cmK, GaN based devices 
could work well at much higher temperature, (typically up to 200°C). Moreover, 
GaN has high breakdown field about 3MV/cm [3] and this is useful for GaN based 
devices operating at high power, especially for smaller dimensional structures. For 
example, Hoshi et al have developed a high power GaN-HEMT with a highly linear 
gain of 17dB and a high drain efficiency of 58% at a frequency of 2.14GHz and at an 
operating voltage of 50V [4].    
 
The group III-nitrides normally crystallize in the hexagonal (wurtzite) phase. A 
unique feature of the hexagonal III-nitrides grown on c-axis is the existence of strong 
spontaneous and piezoelectric fields. In AlGaN/GaN heterostructures, the fields may 
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enhance the electron accumulations and increases the effective barrier height at the 
heterointerface. These effects are beneficial for some device applications, e.g HEMT 
[4]. On the other hand, such fields can decrease the overlap of the wavefunctions in 
the quantum well and thus reduce the efficiency of LED and LD devices[5]. In the 
case of a tunnel diode, the strong fields may increase carrier trapping  and may lead 
to highly asymmetric current-voltage (I-V) characteristics [6]. The internal fields also 
complicate the calculation of the tunnelling properties [7, 8].  
 
For these reasons, growing III-V nitride materials in non-polar (semipolar) directions 
is preferable so that the internal fields can be eliminated or reduced. Up to now, there 
have been several attempts to fabricate non-polar bulk hexagonal crystals and 
templates on a- and m-planes; e.g. [9, 10]. However, their quality is still far from the 
best expectation, and they are also costly and difficult to produce. An alternative way 
is growing GaN directly in the non-polar (001) cubic direction. Apart from 
eliminating the internal fields, other reasons that increase the interest in cubic GaN 
are the ability to cleave the material on the perpendicular {110} cleavage planes and 
also the higher electron and hole mobility due to its higher symmetry structure.  
 
Unlike for the hexagonal structure, the growth of cubic GaN is more problematic due 
to the thermodynamically unstable nature of the structure. Hexagonal inclusions are 
easily formed in cubic GaN, mainly when the thickness increases. Therefore, 
considerable advances in the growth of cubic nitrides are required in order to exploit 
the advantages of the material in many applications. Until now, no work has ever 
demonstrated a high quality bulk cubic GaN. If the bulk cubic GaN is available, we 
can use it as a substrate for growing a device or structure thus minimising problems 
due to strain and dislocation density. 
 
Due to their advantageous properties, III-nitride materials have also been used in 
resonant tunnelling diode (RTD) fabrication. In this structure, it is possible to 
observe the fundamental properties of electron waves tunnelling even at higher 
temperature, power and frequency. Moreover, RTDs have received much attention 
owing to their negative differential resistance (NDR) properties, ease of structural 
growth and fabrication, and flexibilities in design and circuit functionality.  
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In general, the quality of RTDs is described by the ratio of peak current to valley 
current (PVR), e.g [11]. Up to now, considerable progress in nitride epitaxial growth 
has been made in order to improve the PVR value at room temperature. If an RTD is 
realized in cubic nitride semiconductors, a number of novel possibilities would exist 
for development and exploitation. For example, the calculation of tunnelling 
properties becomes more straightforward and tunnelling effects would be 
reproducible as the effect of charge trapping due to the internal fields would be 
eliminated. To my knowledge, no work on cubic nitride based tunnel devices has 
been reported so far, as the growth of such devices does not belong to the “standard” 
tasks of crystal growers.  
 
The aim of this thesis is to develop the growth technology for the cubic nitride 
system so that high quality cubic GaN with low hexagonal content is possible even at 
larger film thickness. Once this technology has been established, the bulk cubic GaN 
will be processed to make it as a commercial substrate for cubic nitride based LED 
devices. The growth technology of cubic AlGaN is also adopted for developing high 
quality cubic nitride based tunnel structures.   
 
This thesis is organised as follows: In Chapter 2, the reader will be introduced to 
basic properties of cubic and hexagonal GaN. As this thesis is focussing on cubic 
GaN, published results and data on growth, optical and electrical aspects of the 
material are reviewed. This allows the reader to be aware of the current development 
of cubic GaN. Chapter 3 gives description of the experimental setups used in this 
work and discusses some limitations that had been encountered during the 
measurements. Chapter 4 presents results and discussions on optical measurements 
of cubic GaN. From this work, the optimal growth conditions for high quality bulk 
cubic GaN is proposed. Once high quality bulk cubic GaN is successfully grown, it is 
practical to investigate the fundamental physical properties of the structure. In 
addition to this work, the electrical properties of cubic GaN are studied. Chapter 5 
reports the processing of bulk cubic GaN to make it into a free standing substrate 
and, for the first time, a working cubic InGaN/GaN LED grown on the free standing 
cubic GaN substrate will be demonstrated.  
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Chapter 6 briefly presents the theoretical background of the quantum tunnelling 
process in RTDs. Since there are no published results and data available for cubic-
based tunnel structures, the progress on developing RTDs in hexagonal AlxGa1-
xN/GaN will be outlined instead. This allows the reader to understand the problems 
associated with hexagonal nitride based RTDs and appreciate the motivation of this 
project to grow RTDs in the cubic nitride system. This is followed by a presentation 
of detailed numerical calculation of the tunnelling I-V characteristic of cubic AlxGa1-
xN /GaN double barrier RTD (DBRTD) with the variation of structural parameters 
such as band offset, well width, barrier composition and thickness. Optimal designs 
of the tunnel structure that could possibly be fabricated and characterised will be 
proposed. Based on the simulation result, cubic AlxGa1-xN/GaN DBRTDs are then 
fabricated and their electrical properties are studied by I-V measurement. Finally, a 
summary of these works together with a number of suggestions for future research 
are presented in Chapter 7.  
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CHAPTER 2: INTRODUCTION TO CUBIC III-V  
                         NITRIDES SEMICONDUCTORS     
 
                         
 
It is well known that the basic properties of a semiconductor material are influenced 
by the arrangement of atoms, which also affects it’s optical and electrical properties. 
However, the presence of impurities and defects inside the material are unavoidable 
during growth. This disturbs the atomic arrangements and can affect the optical and 
electrical properties of the material.  
 
In this chapter, basic properties of the hexagonal (wurtzite) GaN and cubic (zinc-
blende) GaN will be briefly presented. This is followed by a review of a number of 
published results and data on growth, optical and electrical properties of cubic GaN.  
  
 
2.1: CRYSTAL STRUCTURE  
 
In general, the majority of group III-nitrides exist in two different types of crystal 
structures; wurtzite (hexagonal) and zinc-blende (cubic). The wurtzite structure is the 
thermodynamically stable phase under ambient condition. On the other hand, zinc- 
blende is a metastable structure and mainly forms when a film is grown on a cubic 
substrate, e.g. GaAs and 3C-SiC under carefully controlled conditions.  
 
The wurtzite structure has a hexagonal unit cell, having two lattice constants; a and c 
while the zinc-blende structure is formed from a group of cubic unit cells and has a 
higher degree of crystallographic symmetry as its lattice constants are equal in three 
perpendicular directions. Figure 2.1 illustrates the arrangement of atoms in the 
wurtzite and zinc-blende structures. Clearly, both structures show that each group-III 
atom is coordinated by four nitrogen atoms and vice versa. Nonetheless, the stacking 
sequence of closest packed diatomic planes is different in the wurtzite and zinc-
blende structures. The configuration of stacking sequence for (0001) plane in 
wurtzite is ABABAB in the <0001> direction, while the stacking sequence of (111) 
plane is ABCABC in the <111> direction in zinc-blende structure.  
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Figure 2.1: The atom arrangement in (a) wurtzite and (b) zinc-blende structures 
 
 
The atomic arrangements are different in hexagonal and cubic GaN crystal phases. 
Hence, the basic physical properties for both structures would be expected to be 
different as well, and this will be discussed in the following section.  
 
 
2.2: BASIC PROPERTIES OF III-NITRIDES 
 
The basic properties for hexagonal and cubic III-nitride materials are shown in Table 
2.1 and Table 2.2, respectively. The presented values are widely used in many works 
so far. As has been mentioned, the difference between the values in hexagonal and 
cubic nitride structures is due to the difference of the atomic arrangements in those 
phases. As the growth of cubic nitrides is challenging and samples for measurement 
are rare, there is the lack of some important data, like electron affinities.  
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Table 2.1: Basic properties of hexagonal GaN, AlN and InN at 300K. 
Parameters GaN AlN InN 
Energy gap, Eg (eV) 3.39[1] 6.00 [2] 0.70-0.80 [3] 
Electron affinity, χ (eV) 4.1 [4] 1.9 [5] 5.8  [6] 
Effective electron mass, 
me 
~0.22 m0 [7] 0.35 m0 [8] 0.07 m0 [9] 
Effective hole mass 
(heavy), m||hh 
1.27 m0 [10] 2.04 m0 [10] 1.56 m0 [10] 
Effective hole mass 
(light), m||lh 
1.27 m0 [10] 2.04 m0 [10] 1.56 m0 [10] 
Lattice constant, a (
ο
Α ) 
Lattice constant, c (
ο
Α ) 
3.189 [11] 
 
5.185 [11] 
3.110 [11] 
 
4.980 [11] 
3.540 [11] 
 
5.700 [11] 
 
 
Table 2.2: Basic properties of cubic GaN, AlN and InN at 300K. 
Parameters GaN AlN InN 
Energy gap, Eg  (eV) 3.20 [12] ~5.10 [12] 0.56 [13] 
Electron affinity, χ (eV) - - - 
Effective electron mass, 
me 
0.15 m0 [14] 0.25 m0 [9] 0.07 m0 [9] 
Effective hole mass 
(heavy), mhh 
0.80 m0 [10] 1.20m0 [10] 0.84 m0 [10] 
Effective hole mass 
(light), mlh 
0.18 m0 [10] 0.33 m0 [10] 0.16 m0  [10] 
Lattice constant, a (
ο
Α ) 4.500 [9]  4.380 [9] 4.980 [9] 
 
 
Nearly all of these reports have used thin nitride layers (only few m) in their 
studies. The reason is due to the lack of technology for growing high quality bulk 
cubic nitrides. Due to its metastable structure, large amounts of hexagonal inclusions 
inside the cubic material are expected even for thinner layers. This results in mixture 
phases that commonly lead to a serious problem in nitride crystal growth. For this 
reason, no data on bulk cubic GaN and substrates have been reported so far. If a 
cubic GaN layer is grown on a cubic GaN substrate, problems due to strain and 
defects are expected to be reduced. Consequently, study of the properties of cubic 
GaN would be more accurate and reliable. Besides this, there is considerable 
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commercial and scientific interest in cubic nitride based devices nowadays and 
therefore a high quality free standing bulk cubic (zinc-blende) GaN layer is urgently 
required. In this research, we intend to understand the key factors behind this issue of 
cubic nitrides growth. Once this knowledge is well understood, the problems of 
growing cubic GaN are tackled and high quality bulk cubic GaN and a substrate with 
low hexagonal inclusions will be demonstrated. 
 
 
2.3: SUMMARY OF CUBIC GaN RESEARCH 
 
Up to now, many attempts have been made to grow high quality cubic GaN, in 
particular to reduce the amount of hexagonal phase in the crystal structure. 
Commonly, cubic GaN has been characterised from optical and electrical 
measurements. In this section, a survey of literature data will be outlined, focusing 
mainly on growth, optical and electrical analysis of cubic GaN.   
 
2.3.1: Studies of Cubic GaN growth 
 
It is not easy to initiate the growth of cubic GaN. Therefore, it is necessary to grow 
the cubic layer on cubic substrates. To date, cubic GaN has been grown on cubic 
substrates such as GaAs and 3C-SiC [15-17]. In comparison to GaAs, the growth of 
cubic layers on 3C-SiC substrate has a smaller lattice mismatch, which is about 3.7% 
and therefore low dislocation density in the epitaxial layer is expected. However, 
high quality 3C-SiC substrates are not only costly but also hard to obtain. Hence, 
GaAs is a suitable substrate for nitride fabrications as it is a low cost and easily 
cleaved material even though it has a 20% mismatch to cubic GaN layers. Moreover, 
the main advantage of using GaAs substrates in our study is the ease of etching the 
substrate chemically from cubic GaN layers so that a free standing cubic GaN 
substrate is obtainable.  
 
As has been mentioned above, it is difficult to initiate the growth of cubic GaN. 
However, it is even more difficult to sustain the growth of pure cubic GaN without 
any hexagonal inclusions forming inside the material. Cubic GaN is grown in the 
[100] direction. Due to thermodynamic instabilities, stacking faults in cubic GaN 
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structure may lead to the formation of hexagonal inclusions on (111) planes of cubic 
GaN [18]. However, a precise explanation for this behaviour is still not available.  
 
In many reports, the percentage of hexagonal inclusions in cubic GaN is determined 
by X-ray diffraction (XRD) measurement, e.g. [18]. The authors had observed the 
XRD integrated intensities of the [002] cubic GaN peak and the [10
−
11] hexagonal 
GaN peak to estimate the percentage of hexagonal inclusions in cubic GaN. 
However, it should be noted that the peak at ~35° that relates to the hexagonal GaN 
could also be the result of (111) cubic GaN stacking faults. In earlier work at 
Nottingham, the average percentage of hexagonal inclusions in a bulk cubic GaN 
was found to be 10% by Nuclear Magnetic Resonance (NMR) measurement [16].  
 
So far, cubic GaN samples have been grown using different growth techniques such 
as hydride vapour phase epitaxy (HVPE), metal organic vapour phase epitaxy 
(MOVPE) and molecular beam epitaxy (MBE). In 1999, Tsuchiya et al. [18] 
investigated the dependence of hexagonal fraction as HVPE cubic GaN thickness 
was increased. From their observation, the sample had a hexagonal fraction of about 
10% at 5m thick and increased to approximately 40% at 10m. From this study, it 
was showed that the hexagonal inclusions in cubic GaN increase with thickness. 
Therefore, it is important to optimise the growth parameters for cubic GaN so that 
the amount of the hexagonal inclusions in the cubic GaN can be minimised. 
  
Up to now, many studies reported that the amount of hexagonal inclusions varies 
with different V/III ratio, growth temperature, and growth rate. The growth diagram 
with the variation of V/III ratio is illustrated in Figure 2.2. This figure shows the 
dependence of Ga flux on substrate temperature for cubic (zinc-blende) GaN, as 
reported by Sung et al [19]. It defines three growth regimes at a constant N-flux 
(1x10-4mbar). The open circles show the growth under Ga-rich condition, where the 
Ga droplets accumulate on the sample surface. The closed circles however indicate 
that there is no formation of excessive Ga on the surface. The boundary between Ga 
droplets (Ga-stable) and intermediate Ga-stable regimes is marked on the figure. On 
the intermediate Ga-stable regime, the Ga-flux was still found to be higher than the 
N-flux. Therefore, this regime can be further divided into two regimes that introduce 
the N-stable regime. The boundary between these conditions exhibits that Ga flux is 
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equal to N-flux, thus giving V/III ratio equivalents to unity (stoichiometric 
condition). The growth with higher N-flux is conducted below this boundary. 
 
 
 
 
Figure 2.2: The growth diagram for cubic GaN grown by MBE. Three growth 
regimes under Ga stable, N stable and Ga droplets were defined with a constant N 
flux. The figure was taken from Sung et al [19]. 
 
 
Qin et al. suggested that epitaxy outside the stoichiometric condition disturbed the 
growth of cubic GaN [20]. Similar results had also been reported by other groups 
[18, 19, 21, 22]. Most authors suggested that the increase of the hexagonal fraction is 
correlated to the surface roughness, which could be due to higher nitrogen (N) flux. 
A surface analysis had been done by Tsuchiya et al. [18] and they found that cubic 
GaN samples with higher hexagonal fraction had a rougher surface as compared to 
ones with lower hexagonal fraction. Moreover, if cubic GaN was grown with higher 
Ga flux then Ga-droplets may form on the surface and this probably increases the 
hexagonal inclusions, as was observed in [19]. So far, this mechanism is poorly 
understood. Based on these reports, it is suggested that cubic GaN grows better under 
near-stoichiometric conditions. Nonetheless, it is a challenge to maintain this 
condition, especially for the growth of bulk cubic GaN as the Ga and N fluxes 
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change with time. In this work, we tried to find the solutions to maintain the 
optimum condition of V/III during longer growth so that a high quality bulk cubic 
GaN is possible. 
 
The increase of hexagonal inclusions in cubic GaN as the growth rate changes is still 
not clearly understood. In fact, data relating to this subject is not widely reported so 
far. Daudin et al. [22] did a comparative study on MBE cubic GaN samples which 
were grown on SiC substrates at two different growth rates. From the measurement, 
it was found that faster growth increased the hexagonal fraction in the sample. In 
contrast, Funato et al. [23] reported that the amount of hexagonal in MOVPE cubic 
GaN on GaAs substrate was smaller at higher growth rate. The discrepancy of both 
results could be due to the different substrates and growth conditions used; like V/III 
ratio and temperature that lead to different amounts of hexagonal content in the 
measured samples. However, more results are required to clarify this behaviour and 
therefore will be demonstrated in this work.   
 
Tsuchiya et al. [18] demonstrated that the hexagonal fraction in HVPE cubic GaN 
decreased when the growth temperature increased in the range of 700-825°C. A 
similar result had been observed in a MOVPE cubic GaN sample [21] within the 
temperature range of 750-950°C. The authors of [21] suggested that the migration of 
adatoms is inactive at low temperature, and therefore there is a weak interaction 
between GaN and buffer layer/substrate. Under this condition, GaN prefers to grow 
in the hexagonal phase. As the temperature increased, the interaction becomes 
stronger and more cubic material would be promoted into the GaN layer. Surface 
mobility now becomes higher and this may reduce the stacking faults and 
subsequently decreases the hexagonal fraction in the layer. Nevertheless, further 
increase in the temperature leads to higher desorption of Ga and N and therefore 
GaN is no longer grown. It should be noted that there might be a possibility that 
those authors were not aware of the variation of temperature distribution across the 
wafer during the growth. Such variation could lead to a variation of the density of 
hexagonal inclusions across the wafer and therefore will be investigated in this work.  
 
It should be pointed out that the reviewed reports were limited to study of thin cubic 
GaN layers (up to a few m). This is due to the problem of growing bulk cubic GaN, 
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which requires the maintenance of optimum growth conditions for longer growth 
periods. This is difficult due to the fluctuations of N and gallium (Ga) fluxes and 
temperature with time. Therefore, in this work, we intend to find solutions to 
stabilise those parameters so that the growth of bulk cubic GaN under optimum 
conditions can be sustained for longer periods.   
 
Moreover, most of these studies only rely on one measurement technique; either 
XRD or PL measurements in order to investigate the dependence of hexagonal 
inclusions in cubic GaN. The problem with this is XRD is not sensitive to a very 
small amount of hexagonal material in the cubic sample. However, hexagonal PL 
gives stronger signal that considerably dominates the cubic PL. Therefore, in this 
work, we intend to use both techniques in order to observe the increase of hexagonal 
inclusions when the V/III ratio, growth rate and growth temperature are varied.  
 
Table 2.3 summarises the list of the best reported cubic GaN samples in different 
studies. The table shows that the hexagonal fraction is already 10% for thin cubic 
GaN grown by HVPE and MOVPE. However, it has been demonstrated that there is 
negligible hexagonal phase in thin molecular beam epitaxy (MBE) cubic GaN 
samples [24, 25]. Therefore, MBE is probably the best method to grow cubic GaN 
and will be demonstrated in this work.  
 
 
Table 2.3: The best reported cubic GaN layers grown under optimum growth 
conditions in different studies.  
 
Growth 
Method Substrate 
Thickness 
of GaN 
(m) 
Hexagonal 
fraction 
(%) 
Growth 
temperature 
(°C) 
Growth 
rate 
(m/hr) 
Total 
V/III 
ratio 
References 
HVPE GaAs 5.00 10.0 800 ~2.00 200 [18] 
MOVPE 3C-SiC 2.50 ~7.5 850 0.83 500 [26] 
MOVPE 3C-SiC 1.00 9.0 950 1.50 1500 [21] 
MOVPE GaAs 1.00 10.0 900 3.00 10 [27] 
MOVPE GaAs 0.35 10.0 850-900 1.05 25 [23] 
MBE GaAs 0.8 <2 710 0.072 100 [24] 
MBE GaAs 8 - 680 0.3 100 [25] 
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In this work, the properties of cubic GaN are investigated through optical and 
electrical measurements. Therefore, the subsequent sections will outline the literature 
survey for optical and electrical analysis of cubic GaN.  
 
2.3.2: Optical Studies of Cubic GaN 
 
Previously, the optical properties of cubic GaN have been studied using various 
techniques, like photoluminescence (PL), cathodoluminescence (CL), Raman 
scattering and photoreflectance (PR). In most reports, the optical properties of cubic 
GaN are observed at low temperature as the effect of crystal lattice vibrations is 
negligible. 
 
Before we go to a further discussion of the reported results on the optical 
characteristic of cubic GaN, it is useful for the reader to understand a typical PL 
spectrum of cubic GaN, as shown in Figure 2.3. The spectrum was taken from our 
measurement. Clearly, there are three peaks that could be attributed to the optical 
process in cubic GaN. The origin of the peak at ~3.10eV may associate to a free to 
bound excitonic recombination at an additional acceptor level in cubic GaN [28]. 
Meanwhile, the peaks at ~3.15eV and ~3.25eV are probably due to donor-acceptor 
(DA) pair transitions and excitonic emissions in cubic GaN, respectively. 
Nevertheless, these peak emissions may vary in different samples and experiments, 
as has been reported by various researchers.   
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Figure 2.3: A typical PL spectrum for a thin (~0.8m) cubic GaN layer measured at 
4.2K. This spectrum was taken from our measurement.  
 
 
Early CL measurements on a cubic GaN layer reported that the emission lines at 
3.267 and 3.183eV corresponded to free electron-bound hole (eA) and donor-
acceptor (DA) pair recombinations, respectively [29]. However, the peak energy for 
eA should be doubted as the authors only speculated the source of the peak by 
comparing their data with the results in hexagonal GaN [30, 31]. A few years later, 
the formation of cubic GaN single crystals (micron-size) was observed on the surface 
of a GaN layer [32]. From CL measurement, the cubic GaN crystals exhibited the 
emission lines at 3.272 and 3.263eV, which were attributed to the recombination of 
free exciton (FX) and bound exciton (BX), respectively. Apart from that, the peak 
energy of DA pair transitions appeared at 3.150eV.  
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On the other hand, As et al [24] demonstrated that the reduction of Ga-flux helps to 
suppress the formation of micro-crystals, resulting in smooth and uniform cubic GaN 
epilayers. In their sample, the peak energies of excitonic and DA pair recombinations 
were observed at 3.26 and 3.15eV, respectively. The peak intensity of the DA pair 
transitions was found to be higher than that of the excitionic recombinations, 
indicating the possibility of a high impurity density in the sample. The temperature 
dependence for the peak at 3.15eV had also been investigated. As the temperature 
increased, a second peak begun to appear at higher energy and subsequently became 
dominant above 45K. This shows that the DA pair transitions turned into free 
electrons to acceptor level transitions (eA) as the ionisation of donors increased at 
higher temperatures.   
 
In another experiment [28], the PL spectrum for cubic GaN showed that there were 
four resolved peaks at 3.274, 3.178, 3.088 and 3.056eV, and no emission signal 
above 3.30eV, which would correspond to hexagonal GaN. The first two peaks were 
attributed to excitonic and DA pair recombinations in cubic GaN. Both emissions 
occurred at the shallow acceptor level (EA) of around 90meV. On the other hand, the 
emission lines at 3.088 and 3.056eV were suggested to correspond to eA and DA pair 
transitions that could have originated from the additional acceptor level (EA') at about 
212meV. At room temperature, the peak at 3.274eV shifted to lower energy 
(3.216eV) due to the variation of interband transitions with temperature, which has 
been derived from the Varshni empirical equation [33].  
 
Philippe et al [34] identified the peak emission at 3.265eV as excitonic 
recombinations in cubic GaN. This peak however shifted to lower energy as the 
temperature increased. Again, this can be explained by the Varshni empirical 
equation [33]. The peak energies of DA pair and eA transitions were also observed 
around 3.130 and 3.150eV, respectively. The signal of the DA pair transitions 
however, became less dominant as the temperature increased. This implies that the 
DA pair transitions starts to transform to eA transitions at higher temperature.  
 
They also demonstrated that p- and n-type cubic GaN could be achieved by 
controlling the III/V ratio. From the measurement, the eA transitions were enhanced 
when the cubic GaN layer was grown with lower III/V ratio. This showed that the 
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acceptor concentration was higher and therefore p-type cubic GaN could be achieved 
under slightly N-rich condition. On the other hand, the signal of BX recombinations 
became important at higher III/V ratio, indicating the increase of donor 
concentration. Therefore, cubic GaN should be grown under slightly Ga-rich 
conditions to get n-type behaviour. These observations are consistent with those 
reported by As et al. [35, 36]. 
 
In 2001, Xu et al studied lightly Magnesium (Mg) doped cubic GaN epilayers [37]. 
From the PL spectra, two strong emission lines had been detected at 3.269 and 
∼3.15eV and they corresponded to BX recombinations and DA pair recombinations, 
respectively. The variation of emission energy of eA with temperature revealed that 
there was one shallow donor and two shallow acceptor levels in cubic GaN. They 
suggested that the Mg and Carbon (C) were the possible acceptors that contributed to 
the DA pair transitions at the acceptor level of 144meV. However, they did not 
comment on the origin of the second acceptor level at 71meV. 
 
In another experiment, GaN films had been studied by XRD and PL measurements 
[38]. There was a weak XRD signal of cubic GaN even though the spectrum was 
governed by a strong signal from hexagonal. This XRD result suggested that cubic 
GaN had crystallised in a hexagonal matrix. In fact, the authors elucidated that the 
weak cubic GaN signal can be due to cubic grains at the GaN/GaAs interface or 
maybe a random contribution from the small cubic inclusions throughout the films. 
In contrast, the emission peak from cubic was more significant than hexagonal in the 
PL spectrum. This was attributed to the effective localization of photo-generated 
carriers at lower bandgap of cubic GaN. From the PL spectrum, it showed that the 
peak energy for donor-bound exciton (BX) and DA pair recombinations were 3.26eV 
and 3.16eV, respectively.  
 
Table 2.4 summarises the published data for the optical properties of cubic GaN at 
low temperature. In general, the excitonic emission peak (which contains overlapped 
peaks from free exciton (FX) and bound exciton (BX) recombinations) is observed in 
a range of 3.26 to 3.27eV. Due to large full width at half maximum (FWHM), FX 
and BX cannot be resolved in some measurements. The signal of DA pair transitions 
appeared in all experiments because the recombination at state levels that donated 
 18 
from doping or impurities is important at low temperature. The peak energy for DA 
pair transitions in cubic GaN had been reported in between 3.13 and 3.18eV. On the 
other hand, it is quite difficult to observe the peak energy of the free to bound 
transition, eA at low temperature since the loosely bound electrons at donor levels are 
less likely to be promoted into the conduction band. The discrepancy of the data 
values in different experiments may be caused by several reasons. Firstly, it is due to 
the variety of the hexagonal inclusions, where some broad emissions in the 
hexagonal GaN may shift the peak emissions in cubic GaN. This mechanism will be 
discussed in more detail later. Secondly, the lattice mismatch between cubic GaN 
and substrates introduces the strain, which consequently forms defects in the cubic 
GaN layers. The defects will create some additional levels in the electronic states of 
cubic GaN, hence change the position of the peak emissions in cubic GaN. A similar 
mechanism also takes place when impurities are introduced unintentionally in the 
cubic material during the growth. 
 
Table 2.4:  The reported optical properties in cubic GaN at low temperature. 
 
Method Temperature (K) 
Free 
Exciton 
(eV) 
Bound 
Exciton 
(eV) 
FWHM 
(meV) 
Free to 
bound 
transition 
(eV) 
DA pair 
transition 
(eV) 
References 
CL 4 - - - 3.267 3.183 [29] 
CL 5 3.272 3.263 8.0 - 3.150 [32] 
PL 2 3.260 24.0 3.150 - [24] 
PL 6 3.274 15.0 
3.178 
3.088 
- 
3.056 
[28] 
PL N/A 3.260 17.0 3.170 - [39] 
PL 9 3.265 13.7 3.150 3.130 [34] 
PL 3.5 - 3.269 
 
12.0 
 
- 
3.150 
 
[37] 
PL 10 - 3.260 - - 3.160 [38] 
 
 
As been mentioned before, hexagonal inclusions can be easily formed in cubic GaN. 
Thus, even a minimal amount of hexagonal inclusions could give a strong PL signal 
and suppress the luminescence from cubic material. This is inconsistent with what 
had been reported in Ref [38] but it has been experimentally observed [39, 40]. The 
reason is probably due to the fact that hexagonal GaN can be more easily crystallized 
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in a much better structure1 as compared to cubic GaN and therefore it gives 
significant signal in PL spectra. The existence of hexagonal inclusions in cubic GaN 
is observed in Figure 2.4. This figure shows PL spectrum for a thick (~1.9m) cubic 
GaN layer. Obviously, the excitonic emissions in hexagonal GaN can be seen around 
3.42eV. On the other hand, the overlap of two broad signals from hexagonal and 
cubic GaN appears at lower energy side, which is about 3.28eV. It should be noted 
that commonly the DA pair transitions in hexagonal GaN also occurs at ~3.25eV and 
thus they are overlapped with the signal of excitonic emissions in cubic GaN.   
 
In order to address this issue, we also propose to characterise our cubic GaN samples 
by XRD measurement.  Data from both PL and XRD measurements are then 
analysed to observe the evidence of hexagonal and cubic phases in the cubic GaN 
samples. In this work, the dependence of hexagonal inclusion in cubic GaN with the 
variation of V/III ratio, growth rate, growth temperature and others are investigated 
by PL measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
1
 The crystal quality of hexagonal GaN in cubic GaN had been measured in [41]   
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Figure 2.4: A typical PL spectrum for a thick (~1.9m) cubic GaN layer measured at 
4.2K. This spectrum was taken from our measurement.  
 
 
2.3.3: Electrical Studies of Cubic GaN 
 
Adding dopants in semiconductor material is an essential process to achieve 
controlled electrical performance in device applications. When a dopant is 
introduced, the electrical properties in the material will be changed as the dopant 
forms an additional level closer to conduction or valence band. The semiconductor 
has p-type conductivity if the level is located near the valence band (acceptor level), 
whereas it has n-type conductivity if the level is formed near the conduction band 
(donor level). The distance of the level from the band can influence the efficiency of 
the p- and n-type conductivity in the materials. Hence, controlling the doping profile 
in semiconductor material is required in order to achieve a variety of device 
structures.  
 
3.2 3.3 3.4 3.5
0
50
100
150
200
250
 
PL
 
In
te
n
sit
y 
(ar
b.
 
u
n
its
)
Energy, (eV)
4.2 K hexagonal GaN  
hexagonal and 
   cubic GaN
 21 
Traditionally, n-type undoped GaN was attributed to background nitrogen vacancies 
inside the material [42, 43]. However, the presence of Oxygen (O) impurities during 
the growth is more likely to be associated to the formation of n-type GaN. In this 
process, the O atoms may occupy the nitrogen sites during the process and create a 
donor level at about 29meV [44]. An optical study by Andrianov et al. found that 
there was an emission peak in PL spectra that may relate to the presence of O in a 
GaN film [45]. As et al reported that without intentional doping, p- and n-type cubic 
GaN could be obtained by careful adjustment of III/V ratio within the stoichiometric 
growth range [36]. The growth under N-rich and Ga-rich conditions, which results in 
p- or n-type GaN cubic layers had been achieved by controlling the surface 
reconstruction using in situ reflection high energy electron diffraction (RHEED). At 
this stage, N-rich or Ga-rich growth gives different defect densities that influence the 
electronic states in cubic GaN. 
 
Magnesium (Mg) is conventionally used for p-type cubic GaN. However, Mg 
dopants shows several disadvantages such as self-compensation, segregation and 
solubility effects as they have a large acceptor ionization energy and are very volatile 
[46]. This degrades the doping efficiency and crystalline quality of the cubic layer 
[47]. Another alternative to Mg is Carbon (C), which is similar to nitrogen (N) in 
terms of atomic radius and electronegativity. When C atoms substitute for the N 
atoms, they may create a shallow acceptor level that leads to p-type conductivity.  
 
In hexagonal GaN, C forms a deep level within the forbidden gap and thus results in 
an insulating material. On the other hand, C doped cubic GaN layers were found p-
type when grown under Ga-rich conditions with a maximum hole concentration of 
6x1018cm-3 and hole mobility of 19cm2/Vs at room temperature [48]. This report 
suggested that the excess Ga during the growth process forces the C atoms to be 
incorporated at N-sites leading to the formation of p-type material.   
 
So far, there have been a few reports on Mn doped cubic GaN. Theoretical studies 
suggested that the Mn level is too deep in GaN and therefore p-type GaN:Mn is 
hardly observed in some experiments [49, 50]. However, Novikov et al [51] had 
achieved highly reproducible Mn doping in cubic GaN. The hole density was found 
to be about 1018cm-3 with a corresponding hole mobility of >300cm2/Vs under Ga-
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rich and N-rich conditions. It is important to confirm that the p-type behaviour in 
cubic GaN is coming from the Mn dopants, not from unintentional doping of the 
GaAs buffer layer by Mn or other impurities. Another issue is to verify that the p-
type doping in the GaMnN layer is associated with Mn in the GaN, but not from 
unintentional doping of the GaMnN by other impurities such as C or Mg.  
 
To clarify these issues, a sample with an additional structure (about 150nm undoped 
cubic GaN grown on an insulating cubic AlN layer (50-150nm)) had been inserted 
between the cubic GaMnN and GaAs substrate. This was to ensure that the diffusion 
of Mn into the substrate was prohibited. The electrical properties of this sample were 
compared to the sample without the additional structure. It was found that both 
samples had similar hole densities and showed p-type behaviour. Thus, the result 
indicates that the p-type conductivity arises from Mn doping in cubic GaMnN films.  
 
Additionally, SIMS measurements for undoped cubic GaN and GaMnN films had 
also been carried out. From the SIMS result, the unintentional doping of O and C 
levels were found to be similar for both structures. Moreover, the doping level of O 
and C did not change systematically with Mn concentration. These results confirm 
that Mn in cubic GaMnN is responsible for p-type conductivity for the film. In cubic 
GaN, the ionisation energy for Mn is found to be approximately 50meV, which is 
much shallower than for C and Mg. This shows that Mn is a preferable p-type dopant 
in cubic GaN compared to C.  
 
Commonly, n-type cubic GaN is achieved by Silicon (Si) doping. In principle, Si 
atoms incorporate at Ga-sites and act as shallow donors in the material. As et al had 
characterised Si-doped cubic GaN samples through Hall Effect measurement [52]. 
Their analysis revealed that the maximum free electron and mobility were 5x1019cm-
3
 and 75cm2/Vs, respectively.  
 
Martinez-Guerrero et al [53] demonstrated that the free electron concentration in Si-
doped cubic GaN increased linearly with Si concentration. The mobility was about 
170-50 cm2/Vs for doping concentration in the range of 3x1018 to 4x1019 cm-3. From 
PL measurement, it was found that the DA pair transition dominated the spectra. This 
peak however was broadened and shifted towards higher energy when the Si-cell 
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temperature was increased. This can be explained by the fact that the Si donor level 
moves closer to the conduction band as the Si concentration is increased. 
Consequently, the distance between the donor and acceptor levels increases and leads 
to higher energy emission. 
 
It is well known that epitaxially grown cubic GaN suffers from residual strain and 
defects due to the use of a non-lattice matched substrate. These effects modify the 
electrical properties of the samples and leads to large data discrepancy in the 
literature. Furthermore, these effects are different for different growth methods, 
which could influence the electrical characteristic of cubic GaN. In this work, we 
intend to study the electrical properties of undoped cubic GaN samples grown by 
different growth techniques. Longer growth operation may lead to fluctuation in 
V/III ratio and temperature. Consequently, the electrical properties of cubic GaN 
may also change with thickness. This issue will be addressed in this work. Apart 
from that, the doping efficiency in cubic GaN is also investigated by introducing 
different dopants in the layer.  
 
 
2.4: CONCLUSIONS 
 
The discussion so far has summarised the basic properties and important data for 
both hexagonal and cubic nitrides. As this thesis focuses on cubic GaN, the current 
state of the art on the growth, optical and electrical properties of the structure have 
been outlined. In this work, we aim to produce high quality bulk cubic GaN with low 
hexagonal fraction by carefully calibrating the growth parameters such as V/III ratio, 
growth rate and temperature at optimum condition. With the available bulk cubic 
GaN, further investigations of the fundamental properties of cubic GaN would be 
possible.  In this work, we also develop a procedure to process the bulk cubic GaN 
sample to make it as a commercial substrate for device applications.  
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CHAPTER 3: SAMPLE PREPARATION AND 
                         EXPERIMENTAL TECHNIQUES 
  
 
 
 
This chapter presents detailed descriptions of sample preparation and experimental 
techniques that were used to fabricate and characterise samples. Problems 
encountered during the measurements are also highlighted and discussed. In this 
project, most of the work has been carried out within the University of Nottingham.  
 
 
3.1: SAMPLE GROWTH  
 
Previously, in Chapter 2, I have discussed the issues related to growing cubic GaN, 
where the growth parameters like V/III ratio, growth rate and growth temperature 
play the main role in improving the quality of cubic materials and in particular 
reducing hexagonal content. In view of this, special techniques are required to 
achieve the optimal growth conditions for cubic GaN.  
 
In this project, cubic nitride samples were grown on (001) GaAs substrates by Dr. 
Novikov using molecular beam epitaxy (MBE) Gen-II system. Additional arsenic 
flux was introduced to initiate the growth of cubic GaN on the substrate. This is 
because arsenic is a good surfactant to promote the growth of cubic materials [1, 2]. 
The CARS25 RF-activated plasma source was used to supply the active nitrogen for 
growing the III-nitride materials. In parallel, the source of gallium (Ga), aluminium 
(Al), indium (In), silicon (Si), Maganese (Mn) and carbon (C) were produced from 
conventional solid effusion cells. The growth temperature was measured by using an 
optical pyrometer and the growth rate was calibrated using a post growth reflectivity 
technique in order to measure the sample thickness with growth time. A further 
explanation about this technique can be found in [3]. 
 
 In this work, we attempt to grow the cubic GaN samples under stoichiometric 
conditions. It is difficult to maintain this condition, especially for long growth times, 
because of the following problems; (1) drift of the Ga flux due to depletion of Ga 
cell, (2) drift of active nitrogen (N) flux as the efficiency of the N plasma become 
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unstable at longer growth times and (3) the gradual change in the heat transfer from 
the GaAs substrate to GaN layer as the thickness increases, which lead to a slow drift 
of the growth temperature. To address this problem, the MBE system was re-
calibrated for each growth run and several thin GaN samples were grown for this 
purpose.    
 
 
3.2: PROCESSING CUBIC GaN SUBSTRATES 
 
In the effort to produce free standing cubic GaN substrates, the first thing that needs 
to be done is to remove the GaAs from cubic GaN layer. In this work, the samples 
(10x10mm2) were carefully mounted on a special ceramic using low temperature 
wax, as shown in Figure 3.1(a). The GaAs substrate was placed on the top side and 
was removed by a chemical solution bath, H2O2:H3PO4. Through this process, free 
standing cubic GaN substrates were obtained.  
 
However, the strain due to lattice mismatch between GaN and GaAs generates 
defects near the interface. Therefore, after the etching process, the free standing 
cubic GaN substrates were polished in order to remove the defective materials on the 
surface. At the first stage of this polishing work, the cubic substrate that had been 
attached to the ceramic plate was mounted on the polishing jig, as in Figure 3.1(b). 
Then, the substrates were polished using a cloth polishing lap together with SF1 
liquid (a chemical-mechanical polishing compound which contains colloidal silica 
particles ~20nm in a caustic solution). The process is shown Figure 3.1(c). During 
this process, the polishing lap and polishing jig are continuously rotating. The speed 
of the rotations is controlled by a speed controller. On top of that, we put some 
weights on the polishing jig to increase the pressure of the sample on the lap which 
increases the polishing rate, but too much pressure can lead to cracking of the 
sample. The optimum pressure is determined empirically.  
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Figure 3.1: (a) Cubic GaN was placed on ceramic plate by low temperature wax. (b) 
Free standing cubic GaN was mounted on the polishing jig. (c) The sample was 
polished by the chemical-mechanical polishing machine. (d) Free-standing cubic 
GaN after polishing.   
 
 
It is important to use the right parameters in the polishing process. Faster polishing 
with larger weight would crack the sample. On the other hand, slower polishing with 
smaller weight would take many hours to remove some micrometers from the layer. 
For this reason, we polished several cubic samples with different polishing 
parameters so that we can find the optimum polishing rate for cubic GaN substrate. 
From this work, we found that the optimum weight is about 2kg with the optimum 
polishing speed at ~2 rpm.   
 
The polishing rate was then estimated. In this work, three thick cubic GaN samples 
were polished. Sample 1 and 2 are cubic GaN samples with a thickness of ~7m 
while sample 3 is ~12m. Figure 3.2 shows the reduction in thickness of the samples 
as a function of polishing time. Apparently, the depth of material removed increases 
almost linearly with time and the polishing rate is roughly 3m/hour.  
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Figure 3.2: The dependence of the removal of cubic GaN on polishing time. 
 
 
3.3: SAMPLE CHARACTERISATIONS 
  
In this work, our cubic GaN samples had been characterised by photoluminescence 
(PL), atomic force microscopy (AFM), X-ray diffraction (XRD), secondary ion mass 
spectroscopy (SIMS), Hall-effect and current-voltage measurements. Most of the 
experiments were conducted at University of Nottingham. 
 
3.3.1: Optical studies by photoluminscence measurements 
 
It has been experimentally observed that [4], the hexagonal inclusions in cubic GaN 
give out strong PL even when present in very small quantities. In fact at room 
temperature, the hexagonal PL is much more significant and the cubic GaN PL is 
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negligible in comparison. For this reason, PL measurements were carried out at low 
temperature so that optical transitions in cubic GaN could be clearly observed and 
studied.   
 
3.3.1.1: Sample Mounting 
 
At the initial stage of this work, the samples were mounted onto a copper plate by 
using a small amount of GE Varnish (normally used for thermally anchoring 
electrical wires to solid surfaces and easily removed by acetone). In order to get 
better adhesion, the samples were dried for several hours. The plate together with the 
samples was then mounted on a sample holder. Next, the sample holder is put into a 
cryostat; a piece of apparatus in which low-temperature experiments are performed 
[5]. Before further discussion of the experiment details, a brief description of cryostat 
operation will be given.  
 
3.3.1.2: Cryostat 
 
In this work, an Oxford Instrument Optistat CF (continuous flow) cryostat was used 
to study the optical properties in cubic GaN at temperatures down to liquid helium 
temperature. Figure 3.3 shows the schematic diagram of the system. The optical 
access to sample is via a quartz window. 
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Figure 3.3: A modified schematic diagram of Optistat continuous flow cryostat 
system [6]. 
 
 
After the sample is mounted inside the cryostat, the sample space and the outer space 
are pumped out to reach a high vacuum <10-6mBar. If the vacuum is insufficient, the 
system will be hard to cool and the water in the air will be condensed and frozen on 
the sample and the optical window, which will scatter the light beam shone onto the 
sample, leading to noise and misleading results. To avoid this problem, it is 
important to ensure that the sample probe is tightly attached to the cryostat and the 
vacuum valve has good connection to the pump line.  
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After the cryostat was pumped out, liquid He was transferred from a separate He 
dewar, along an insulated transfer tube to the cold finger of the cryostat. He flow can 
be controlled by adjusting a needle valve on the transfer tube or on the gas flow 
controller. In the cryostat, He flows into a heat exchanger (which is thermally 
coupled with the sample) and goes out to the He return pipe in the form of gas. The 
heat exchanger is equipped with a thermometer which gives information on the 
temperature to a temperature controller unit. The temperature is adjusted by 
manually controlling the He flow.  
 
This cryostat is small compared to other conventional bath cryostat systems. 
However, it allows faster pumping down to vacuum and cooling due to its size. 
Furthermore, the sample is directly cooled by flowing He, which turns into gas when 
it flows out from the system. This makes the cooling process much simpler. During 
the measurement, the incident laser power may change the temperature. However, 
this effect is very small and can be neglected.  
 
3.3.1.3: Photoluminescence Measurements 
 
In this experiment, a 355nm frequency-tripled Nd:YAG laser was used as the 
excitation source. Nomura et al [7] reported that the absorption coefficient of a cubic 
GaN layer is about 1x105cm-1 at this wavelength, which corresponds to our laser. The 
reciprocal of the absorption coefficient gives the penetration depth around 0.1m.  
 
Figure 3.4 shows the experimental setup for the PL measurement. At the first stage 
of this experiment, the sample was excited by the laser beam using a small lens. 
After that, the photons emitted by the sample were collected and focused by a larger 
lens. It should be noted that the laser spectrum could impinge the output data and 
therefore a notch filter was used to block the laser light reaching the detector. Next, 
the photon signal was transferred to a monochromator. A charge coupled device 
(CCD) camera collects the signal from the monochromator and sends it to the 
computer for analysis. 
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Figure 3.4: A schematic diagram of the PL system. The exciting source is a 355nm tripled Nd:YAG laser and the cryostat is cooled down to 
liquid helium temperature.  
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Figure 3.5 shows the general principal of the spectrometer used in this work. In 
the monochromator, the focussed light (A) enters the input slit (B). Next, the light 
is collimated by the first curved mirror (C). The collimated light is dispersed 
using an adjustable grating (D) and then being collected by the second mirror (E). 
At this mirror, the light is re-focussed and dispersed into different wavelengths at 
the CCD line camera (F). In this camera, the photon will charge up the CCD 
pixels to capture the image. The CCD camera then converts the image into digital 
signals that are subsequently transferred to the computer software. The 
wavelength that falls at the centre of the CCD camera is selected by adjusting the 
rotation angle of the prism. The advantage of using the CCD camera in this work 
over a detector such as a photomultiplier is that it allows simultaneous data 
collection for a large spectral range in each measurement. 
 
 
 
Figure 3.5: A schematic diagram of light dispersion in the monochromator used 
in this experiment. The diagram is modified from [8]. 
  
 
In this work, the laser spectrum was measured and its full width half maximum 
(FWHM) is found to be around 1.65nm. The laser line is narrower than this so, 
 36 
therefore, the spectral resolution of the spectrometer must be better than 2nm. 
The whole system is controlled by Thorlabs Inc. Spectra software.  
 
In this experiment, several issues could affect the measured data.  Without extra 
caution, the GE Varnish may contaminate the sample surface during the sample 
preparation. As a result, the luminescence from the varnish would appear in the 
spectrum and mask the required data. Therefore, the samples should be stuck onto 
the copper plate with great care so that it will not contaminate the sample.  
 
Moreover, some background noises like dark count from the detector (which is 
unavoidable during the measurement), scattering, movement of the optical system 
and stray light are always present during the measurement. To overcome these 
problems, these following actions were undertaken. Firstly, the surface of the 
measured samples should be cleaned and free from dust. Secondly, the system 
needs to be isolated from mechanical vibration; in this work, such vibration was 
coming from the pump. In addition, the optic components should be fixed firmly 
on the optical bench. Finally, the experiment was conducted in a nearly dark 
environment.  
 
Sometimes, the collected light may saturate the CCD pixels. This causes a 
saturation that leads to misleading output. To address this problem, the intensity 
of the light should be reduced by placing an attenuation plate in front of the optic 
fibre.   
 
3.3.1.4: Micro-Photoluminescence Measurement 
 
In this work, we intend to observe the increase of hexagonal inclusions as a 
function of depth for bulk cubic GaN. Therefore, a reasonably small size of the 
laser spot is required in order to obtain the required spatial resolution. For this 
purpose, a special technique had been introduced in the PL setup.  
 
At the initial stage of this work, a bulk cubic GaN sample was carefully cleaved 
so that the edge of the sample will be smooth for better measurement. Then, the 
sample was stuck on a specially designed holder, as shown in Figure 3.6, using 
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GE Varnish. During this process, it is important to ensure that the cubic GaN side 
faces toward the air so that the sample is not contaminated by the varnish. The 
sample was then mounted on the cold finger of the cryostat.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: A schematic diagram of sample mounting on the specially designed 
holder. 
 
 
As was mentioned earlier, the size of the laser spot used should be much less than 
the film thickness. To get this spot size, a micro objective mirror was used as it 
provides a laser spot with diameter less than 5m. Before the measurement, the 
sample needed to be placed exactly at the focus point of the laser spot. This can 
be done by adjusting the cryostat and/or the micro objective mirror. The position 
of the latter is controlled by a piezo-electric stage. This work required 
considerable care since even very small changes in the positions will put the 
sample considerably out from the focus point. When the sample was finally 
located at the focus point, the system was pumped out and cooled down to He 
temperature. Once this was done, the micro-luminescence measurement could be 
carried out. 
 
Figure 3.7 shows the experimental setup for the micro-luminescence 
measurement. In this experiment, a quadrupled Nd:YAG laser with λ.=266nm 
was used as the excitation source. The laser beam travelled through a beam 
 38 
expander, where the diameter of the beam becomes larger but the angular 
divergence is reduced in order to get a better focussed laser spot. Next, the beam 
was directed to the micro-objective mirror by a small splitter prism. Details of the 
mechanism for focussing light onto the sample are shown in insert (a) of figure 
3.7. The photons emitted by the sample travelled through the micro mirror in a 
similar way but in the opposite direction and reached a flip-out mirror. By using 
this mirror, the beam can be directed either to a camera or to the monochromator. 
Using the camera, we can view the laser spot on the sample, and the picture is 
shown in the insert (b) of figure 3.7. Using the monochromator, the spectrum of 
the sample as a function of depth was measured. The depth was varied starting 
from the point near the GaAs/GaN interface and moving towards the 
GaN/vacuum interface and the change of depth was controlled by a micrometer 
screw that was attached to the cryostat.  
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Figure 3.7: A schematic diagram of the micro PL system. Inset (a): the mechanism for focusing the incident light onto the sample in the micro 
objective mirror. Insert (b): the laser beam shines on the edge of 50m cubic GaN sample in the cryostat. 
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3.3.1.5: Pump-probe measurement 
 
In this experiment, the fundamental properties of cubic GaN such as sound velocity, 
elastic constants and refractive index were investigated. This work was carried out 
using the picosecond acoustic technique. It is a powerful technique to study the 
fundamental properties of solids for thin epilayers (only a few microns thick), and it is 
based on the generation and detection of picosecond-duration strain pulses using an 
ultrafast laser.  
 
Before the measurement, an 80nm thick Al film was deposited on the polished side of 
the GaAs substrate to act as a hypersonic transducer. Then the sample was mounted 
onto the cold finger inside an optical cryostat. The pump beam (λ=800nm) was 
generated from a 40fs amplified Ti-sapphire laser. Firstly, a probe beam was split 
from the pump by a beam splitter and frequency doubled to give a probe beam 
wavelength of 400nm. The pump beam was modulated at 500Hz using a mechanical 
chopper and its time delay was controlled by a mechanical delay line. The beam spot 
with diameter of 200m was focused onto the Al surface and the maximum excitation 
density applied was below 10mJ/cm2. When the pump pulses hit the Al film, strain 
pulses were generated as a result of the thermo-elastic effect in the metal. The bipolar 
strain pulses travel from the Al film to the GaAs substrate within 20-50ps and the 
strain amplitude was ~ 10-3, depending on pump energy. 
 
In parallel, the probe beam passed through a fixed distance delay line to allow for the 
time for the acoustic pulse to propagate through the substrate. The beam was then 
focused at an angle of incidence, α = 20° onto the surface of the cubic GaN film. 
Next, the probe beam was aligned exactly opposite to the pump beam. The probe spot 
had a diameter less than 50m with the excitation density below 10J/cm2. The 
reflected beam from the sample was then detected by a balanced photodiode. The 
balanced photodiode provides a subtraction of the reflected beam and a reference 
beam split from the incident probe beam to reduce noise due to laser power 
fluctuations. A phase-sensitive detector (lock-in amplifier) was used to measure the 
signal after the balanced photodiode. The data was then transferred to the computer 
for analysis. In this work, the measurement was carried out for different temperatures 
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in the range of 4.7 to 300K. The experimental setup for this measurement is shown in 
Figure 3.8. 
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Figure 3.8: A schematic diagram of the pump-probe measurement. The exciting source is a Ti-sapphire laser (λ=800nm) and the sample is 
cooled down to helium temperature in an optical cryostat.  
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3.3.2: Surface analysis by AFM 
 
In this work, the surface morphology of cubic GaN samples had been investigated by 
atomic force microscopy (AFM) measurements using an Asylum Research (Rambo) 
system. The advantages of using AFM in this work over other techniques, like 
scanning electron microscopy (SEM) for example, are it provides higher resolution 
as well as its simplicity in that it does not require any special treatment such as 
metal/carbon coating that can damage the sample.  
 
The basic principle behind the AFM measurement is described as follows: initially, 
the sample was placed on a piezo-electric scanner stage. This stage controls the 
movement of the sample (on the order of nanometers) by changing an applied 
voltage during scanning. Next, the tip on the end of a cantilever is manually brought 
close to the sample surface. If the tip is too close to the sample surface, it would 
crack and at the same time scratch the surface. In this work, the tip was applied with 
constant force, which is monitored by the Igor Pro 6.04 software provided by the 
manufacturers of the AFM system, which controls the whole system.  The resolution 
of the system is less than 1nm. 
 
In this measurement, the tip is dragged across a sample surface and the change in the 
vertical position (z-axis) reflects the topography of the surface. Figure 3.9 shows a 
typical mechanism of the AFM measurement. The change in the height or vertical 
movement of the tip while the sample was moving was probed by a reflected laser 
beam on the backside of the cantilever. The reflected beam then hit a multi-segment 
photodiode. In the photodiode, the movement of cantilever and tip were detected and 
the signal was transferred to the computer program for analysis.  
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Figure 3.9: A modified schematic diagram of AFM. Original picture was taken from 
[9]. 
 
3.3.3: Structural analysis by XRD 
 
In principle, a beam of x-rays is incident on a crystal and the repeating arrangement 
of atoms result in general scattering [10]. Most scattering results in destructive 
interference. However, the x-ray is diffracted if scattering at a certain angle is in 
phase with scattered rays from other atomic planes, which subsequently reinforce to 
each other giving constructive interference. Figure 3.10 shows the detailed 
mechanism of this process. Since each crystal has a different characteristic atomic 
structure, the x-rays are diffracted in a unique characteristic pattern.  
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Figure 3.10: The x-ray diffraction in a crystal. This diagram is taken and modified 
from [11]. 
 
 
In this work, x-ray diffraction (XRD) measurements were carried out by Mr. Chris 
Standdon at University of Nottingham using a PANalytical system. The properties of 
cubic GaN samples have been investigated using 2θ/ω scanning. A description of 
2θ/ω scanning can be found in [12]. Unique 2θ angles for cubic and hexagonal 
phases exist, which are normally used to identify the phase presents in GaN samples. 
Figure 3.11 shows the reported XRD data for (a) hexagonal GaN [13] and (b) cubic 
GaN [14] under 2θ/ω scanning. The peak intensity of (0002) hexagonal GaN occurs 
around 35° while the peak of (002) cubic GaN is around 40°. This result has been 
used as a main reference for observing the signature of hexagonal and cubic phases 
in our cubic GaN samples through the XRD measurement together with the PL 
measurement. 
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Figure 3.11: Reported data of XRD for GaN films (a) 2.5m thick hexagonal GaN grown on (111) Si substrate [13]. (b) 1.5m thick cubic GaN 
grown on (100) GaAs substrate [14]. 
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3.3.4: Compositional analysis by SIMS 
 
Compositional analysis of our cubic GaN samples was performed using Secondary 
ion mass spectroscopy (SIMS) measurement. The advantages of using SIMS over 
other methods, such as the Auger technique, are its sensitivity to very low 
concentrations of particles (≈1018cm-3) and faster measurement. The basic principle 
of the SIMS technique is shown in Figure 3.12: a highly energetic primary ion beam 
is fired at a sample surface and leads to the ejection/sputtering of both neutral and 
charged (+/-) particles from the surface. Most particles are neutral and of no interest. 
However, the (+/-) particles compose an analytical signal that be measured with a 
mass spectrometer. Mass spectrometry reveals information about the atoms inside the 
sample.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12:  The bombardment of the sample surface by primary ions which knock 
secondary ions off from the surface. This picture is taken from [15]. 
 
 
In this work, the SIMS measurements were carried out at Loughborough Surface 
Analysis Ltd. The aim was to investigate the extent of arsenide diffusion into the 
GaN from GaAs substrate. The samples were measured under vacuum, and a liquid 
nitrogen trap was used to reduce the background from the system to as low a level as 
possible, which is about 1018cm-3. Cs+ primary ion species with energy of 10keV 
were used in this work as they are more sensitive to arsenide than other ion species.  
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3.3.5: Electrical study by Hall effect 
 
The electrical properties of cubic GaN samples were determined by Hall Effect 
measurement at room temperature. In this measurement, a current is supplied to the 
sample by the current source. Then, a magnetic field is applied perpendicular to the 
sample, which results in the Lorentz force that causes charge to accumulate at one 
side of the sample. This leads to a potential difference across the sample. This 
potential difference defines the Hall voltage, VH, which is measured by a voltmeter. 
Figure 3.13 shows the experimental setup for the Hall Effect measurement. 
 
 
               
Figure 3.13: A schematic diagram of the Hall Effect measurement. There are four 
contacts at the corners of the sample. The red lines show the Hall voltage across 
different points with the variation of current and magnetic field polarities. 
 
 
There are several problems one may encounter during this experiment. The most 
serious problem comes from poor contacts on the sample. To solve this problem, 
Indium wire was used for the contact and a sufficiently high temperature was applied 
to the sample to allow the indium to diffuse into the material. In this case, the 
contacts should be placed at the corners of the sample for better result.  Besides, a 
non-symmetric shape of the samples could lead to error in the data. For these 
reasons, a number of repeated measurements were carried out to improve the 
accuracy of the results. The following sections will describe the details of measuring 
Hall voltage and resistivity so that the carrier density and mobility of the measured 
samples could be obtained. 
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3.3.5.1: Hall voltage measurement 
 
The Hall voltage, VH was measured by using the standard van der Pauw procedure. 
From Figure 3.13, there are four contacts at the corners of the sample. Eight 
measurements of Hall voltages at different points were measured with variation of 
polarities of the applied current and magnetic fields. For example, current was 
injected from 1 to 3 with a positive (P) magnetic field. Hence, the Hall voltage across 
2 and 4 will be V24P. With the same current, a negative (N) magnetic field was 
applied to the sample, thus giving V24N. The same steps were continued for the values 
of V42P, V42N V13P, V13N, V31P, V31N. The differences of the Hall voltages (each Hall 
voltage measured at the same current but difference magnetic field) were calculated, 
e.g V24 = V24P - V24N. The average of these values, VH (from V13, V31, V24 and 
V42) defines the conductivity of the sample. The sample is p-type if VH gives 
positive sign and n-type if it is negative.  
 
Using the value of the Hall voltage, VH and the thickness of the sample, d, the carrier 
density in the sample was calculated by  
 
dVq
BI
n
H ××
×
×= 8                                                (1) 
 
where q is the elementary charge (1.602x10-19C). The applied magnetic field, B is 
0.307T and the applied current, I is 0.01mA. From equation (1), the sheet carrier 
density is given by  
 
                                                           dnns ×=                                                       (2) 
 
3.3.5.2: Resistivity measurement 
 
In this measurement, the current was applied from two different contacts, which were 
parallel to each other. For example, current was injected from 1 to 2, I12 and the 
voltage across between 4 and 3, V43 was measured. This gives a resistance, R12,43. 
Next, the opposite current polarity, I21 was applied to measure the value of V34 and 
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therefore the resistance is R21,34. The same steps were repeated to find R32,41, R23,41, 
R43,12, R34,21, R14,23 and R41,32. In an ideal case, the vertical resistance, Rvertical should 
be equal to horizontal resistance, Rhorizontal. However, this condition was unachievable 
due to the limitations in the experiment. From the observation, the error in this 
measurement was found to be less than 3%, showing errors in the setup were already 
minimised. After measuring the resistances, the average of Rvertical and Rhorizontal were 
calculated by  
 
4
21,4343,2112,3434,12 RRRRRvertical
+++
=                                   (3) 
4
32,1414,3223,4141,23 RRRRR lhorizontal
+++
=                                   (4)
 
 
Using the values of Rvertical and Rhorizontal, the sheet resistance, Rs was calculated by 
solving the van der Pauw equation by iteration as given as follow 
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                              (5) 
 
Knowing the value of Rs, the mobility of the majority carrier in the sample was 
calculated. Using the values of the sheet carrier density, ns and the sheet resistance, 
Rs, the mobility, µm of the sample was calculated by  
 
µm
ss Rqn
1
=                                                       (6) 
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3.4: DEVICE PREPARATIONS ON CUBIC NITRIDES BASED TUNNEL 
DIODE 
 
In this work, cubic nitride based tunnel device structures had been grown by MBE. 
The grown device structure is shown in Figure 3.14. The next step is that the devices 
need to be fabricated to form a number of small mesa structures. To do this, the 
devices have to be etched with in a suitable and controllable manner. However, III-
nitrides cannot normally be simply etched by wet etching as they are chemically 
resistant materials. In this work, we used reactive ion etching (RIE) to etch our cubic 
III-nitride based devices. This technique uses reactive plasma to etch the materials.  
 
The plasma etching is typically qualified by etching rate, etching uniformity, etching 
direction and selectivity of the material to be etched. In this work, the etching rate is 
approximately 600nm/min. After the etching, we deposited Ti-Al-Ti-Au metal layers 
on the top of the devices and annealed at 440°C while Ge-Au-Ni-Au metal layers 
was deposited on the bottom contact and annealed at 365°C. A brief description of 
the device fabrication is shown in Figure 3.15. This fabrication process was carried 
out by Dr. C. Mellor and Mr. Jas Chauhan.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14: A schematic diagram of cubic AlxGa1-xN/GaN based tunnel diode. 
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Figure 3.15: The fabrication process for forming smaller mesa-structures for cubic 
AlN/GaN based tunnel diode. 
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3.5: ELECTRICAL MEASUREMENTS ON CUBIC NITRIDES BASED 
TUNNEL DIODES   
 
In this work, the vertical transport properties of cubic nitride based tunnel diodes 
were investigated by current-voltage (I-V) measurement. Figure 3.16 shows the 
electrical setup for the I-V measurement. A bias voltage was applied to the devices 
using a voltage source. In this setup, a potential drop was measured across a 20 
resistor load to give the current. A digital multi-meter (DMM) recorded the voltage 
drop across the resistor as a function of applied voltage. This raw data was then 
calibrated by using Ohm’s law in order to obtain the current-voltage characteristic 
for the device. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16: The circuit diagram for I-V measurement. 
 
In addition to this work, a conductance measurement had been carried out on larger 
size of cubic based tunnel devices. In this measurement, the gradient current 





dV
dI
 
as a function of applied voltage, V was measured using a small modulation from a 
lock-in amplifier. From this technique, the gradient current can be measured directly 
without the interference of background noise. The schematic diagram of this 
measurement is shown in Figure 3.17. 
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Figure 3.17: The schematic diagram for conductance measurement. 
 
 
3.6: CONCLUSIONS 
 
The description of the experimental tools and techniques used in this project has been 
presented. In summary, cubic GaN samples were grown by Molecular Beam Epitaxy 
(MBE). Next, the cubic samples have been characterised by PL, XRD, SIMS, AFM 
and Hall effect measurements. A brief explanation of the fabrication process for 
developing cubic nitride based tunnel diodes was presented. Finally, the vertical 
transport properties of the device have been studied by I-V and 
conductance 





dV
dI
measurements. 
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CHAPTER 4: STUDIES OF CUBIC GaN  
 
 
The aim of this work is to achieve large thickness (up to ~50m) of cubic GaN with 
low hexagonal inclusions for use as free-standing substrates. Therefore, it is 
important to determine the optimal growth conditions for cubic GaN. In this work, 
MBE cubic GaN samples were grown on GaAs substrates using a variety of growth 
parameters. After the growth, these samples were characterised by 
photoluminescence (PL), X-ray diffraction (XRD) and Hall Effect measurements. 
The data from these measurements are reported in this chapter.  
 
 
4.1: STUDIES OF OPTICAL PROPERTIES OF CUBIC GaN  
 
In this work, PL measurement was carried out to observe the increase of hexagonal 
inclusions in undoped cubic GaN samples with the variation of growth parameters, 
including III/V ratio, thickness, growth rate and growth temperature. During the 
experiment, the top side of the samples were excited by the laser and spectra from 
the samples were measured. In addition to this work, some samples were also 
characterised by XRD measurement.  
 
4.1.1: PL measurement on cubic GaN with the variation of III/V ratio 
 
At the first stage of this work, thin, not intentionally doped, cubic GaN films were 
grown with similar thickness, approximately 0.800±0.050µm under three main 
growth conditions; N-rich, Ga-rich and near stochiometric conditions (with constant 
applied nitrogen flux). The growth details are described as follows: (1) under N-rich 
growth: Ga flux is less than active nitrogen flux (2) near stochiometric growth: the 
Ga flux is slightly larger than the active nitrogen and they are almost equal to each 
other (3) under Ga-rich growth: the Ga flux is much larger than the active nitrogen 
flux and leads to the formation of Ga droplets on the surface. The growth rate was 
0.45µm/hour and the growth temperature around 680°C.  
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Figure 4.1 shows the luminescence spectra for the samples at different growth 
conditions. The samples which were grown under Ga-rich and stochiometric 
conditions show three significant well-resolved peaks at 3.10, 3.17, and 3.25eV. It is 
difficult to explain the origin of the first peak at 3.10eV. However, this value is 
somewhat close to the reported value for a free to bound excitonic recombination 
(e'A) at an additional acceptor level in cubic GaN [1]. The second peak observed 
around 3.17eV is almost similar to the reported energy for donor-acceptor (DA) pair 
transitions in cubic GaN [1, 2]. The third emission peak is at about 3.25eV and this 
peak may be attributed to excitonic emissions in cubic GaN [2-4]. Clearly, these 
three peaks are well resolved, showing an indication of high quality cubic GaN 
layers. On the other hand, the sample which was grown under N-rich conditions 
shows a stronger and broader peak around 3.23eV. This peak is due to the overlap of 
two broad lines from excitonic and DA pair transitions in cubic GaN and therefore 
causes a shift to lower energy.   
 
There is a very weak signal around 3.47eV that may correspond to donor-bound 
exciton (D0X) transitions in hexagonal GaN [5, 6]. Detailed investigation reveals that 
the hexagonal inclusions increase if the III/V ratio is far from unity. It had been 
demonstrated that higher nitrogen flux results in rough nitride surface. As been 
reported [7, 8], the surface roughness might be associated to the increase of the 
hexagonal content and this agrees with the result in Figure 4.1. On the other hand, as 
the III/V ratio approaches unity from N-rich side (increasing the Ga-flux), the 
hexagonal content reduces, which suggests that cubic GaN is grown better under this 
condition. A further increase in the Ga-flux results in Ga adatoms that are weakly 
bound to the surface and delocalised Ga-Ga metallic bonds [9]. These result in higher 
surface mobility that could improve the surface quality of the sample. Increasing the 
Ga flux still further leads to the formation of droplets, thus resulting in an increase in 
hexagonal content. This is consistent to what had been observed in [9].  
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Figure 4.1:  PL spectra for different samples grown with different III/V ratio. There 
are three clear peaks that are related to the emission in cubic GaN. Insert figure 
shows the hexagonal related emission around 3.47eV. 
  
 
One interesting thing that had been observed in this study is that the hexagonal 
content still gives a signal at all even though hexagonal inclusions have a higher 
band gap than the surrounding cubic material. There are several possible reasons for 
this behaviour. Firstly, it could be due to the fact that hexagonal GaN can more easily 
crystallize into a better crystal structure with less defects compared to cubic GaN. 
Secondly, hexagonal grains may accumulate on the surface and direct excitation 
from the laser gives hexagonal PL. Another possibility is that electron-hole pairs are 
directly excited in the hexagonal material, but these become localised at defects and 
recombine to give the hexagonal related emission.  
 
In this work, we also observe evidence of hexagonal content through XRD 
measurements. The XRD data for the sample which was grown under nearly 
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stochiometric conditions is shown in Figure 4.2. Clearly, the peak of cubic GaN can 
be seen around 40°. However, there is no measurable signal of hexagonal GaN, 
which is expected around 35°. This shows that XRD is not sufficiently sensitive to 
detect very small hexagonal content in cubic GaN. The XRD measurements on the 
other two samples also give the same result. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: XRD data for the sample grown nearly under stochiometric condition. 
The sample shows the cubic signal in [002] direction around 40°. The intensity of 
GaAs is coming from the GaAs substrate. 
 
 
From the measurements, it is obvious that PL is much more sensitive to the 
hexagonal fraction than XRD for very small incorporation. This demonstrates the 
important point that we cannot rely on only one measurement technique in order to 
observe the existence of cubic and hexagonal phases in cubic GaN samples, as has 
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been done in other works, e.g [7]. At this point, we have demonstrated that cubic 
GaN is grown better under near stochiometric growth. This result is used as a starting 
point for the subsequent growth of thick cubic GaN.  
 
4.1.2: PL results for cubic GaN with the variation of growth rate 
 
It has been reported that the growth rate is one of the crucial factors that could 
influence the amount of hexagonal content in cubic GaN. However, this subject is 
not widely studied and therefore will be investigated here. In this work, two samples 
of 2µm thick undoped cubic GaN were grown at different growth rates; 0.4µm/hour 
and 0.8µm/hour, respectively. The PL spectra for the samples are shown in Figure 
4.3. It should be noted that the spectra do not show three well resolved peaks (as was 
observed in Figure 4.1) as the thickness of the cubic layer is increased. This issue 
will be discussed later. 
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Figure 4.3: PL spectra for the cubic samples grown at different growth rates.  
 
 
 
From the figure, it is clear that slower growth gives a broad signal that is due to the 
overlap of two broad signals from DA pair and excitonic recombinations in cubic 
GaN. The signal of hexagonal GaN is almost unseen in the spectra, showing that 
there are negligible hexagonal inclusions in the sample. When the growth rate 
becomes higher, the emissions that correspond to cubic GaN are more resolved but 
the signal of the hexagonal GaN is also stronger. This shows that the hexagonal 
inclusions start to evolve when the growth becomes faster.  
 
To explain this behaviour, it might be worth considering mechanisms that occur 
during the growth: It was reported that faster growth decreases the surface mobility 
[10, 11], which leads to the increase in the hexagonal incorporation in cubic GaN. In 
addition, it is difficult to maintain the growth conditions for cubic GaN during fast 
growth which also increases the probability that hexagonal inclusions will grow in 
the sample. 
3.0 3.1 3.2 3.3 3.4 3.5
0
40
80
120
160
200
 
 
PL
 
In
te
n
sit
y 
(ar
b.
 
u
n
its
)
Energy (eV)
 0.4µm/hour
 0.8µm/hour
4.7K
hexagonal
 62 
From the observation, we see that slower growth is required for lower hexagonal 
content in cubic GaN. However, if the sample was grown over many hours to obtain 
a thick layer, there would be problems such as depletion of Ga and N fluxes. Such 
problems also occur even when growing thicker cubic GaN layers at reasonable 
growth rate. Therefore, we try to keep these conditions as optimal as possible so that 
the growth of hexagonal material in thick cubic GaN can be suppressed.  
 
4.1.3: PL results for cubic GaN with the variation of wafer position 
 
During the growth, a cubic sample is heated up from the centre of the back surface. 
Thus, the temperature of the centre part of the sample is much higher and gradually 
lowers towards the edge where it is clipped to the holder. As the temperature is non-
uniformly distributed across the wafer, the density of the hexagonal fraction in cubic 
GaN might also vary between different positions across the wafer and therefore this 
will be investigated in this work. 
 
In this work, an undoped cubic GaN wafer with thickness of 7.171µm was grown at 
680°C. The wafer was then cut into pieces as shown in Figure 4.4(a). The 
perpendicular cleave edges of the sample indicates that the sample is cubic. The 
wafer was excited by a laser beam at different distances towards the edge, starting at 
the centre point. The PL spectra are shown in Figure 4.4(b). The spectra show a clear 
evidence of hexagonal related emission around 3.42eV that it gets stronger towards 
the edge. The origin of this emission could be due to free-to-bound transitions in 
hexagonal GaN [12]. On the other hand, broad PL lines at ~3.25eV may associate to 
the overlapped emissions from excitonic emissions in cubic GaN and DA pair 
transitions in hexagonal GaN [12, 13]. 
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Figure 4.4: (a) A piece of wafer used for PL measurements (b) Dependence of PL 
intensity of hexagonal/cubic signals as a function of energy at different distance from 
the centre part of the wafer. Clearly, the PL due to hexagonal material is stronger 
towards the edge of sample. 
 
 
 
At the centre, it can be seen that the cubic PL is almost comparable to the hexagonal 
PL. This part of the wafer has higher temperature during growth, which leads to 
3.1 3.2 3.3 3.4
0
500
1000
1500
2000
2500 4.7K
 
 
PL
 
In
te
n
sit
y 
(ar
b.
 
u
n
its
)
Energy (eV)
 0mm from the centre
 3mm from the centre
 6mm from the centre
 9mm from the centre
 12mm from the centre
(a) 
(b) 
 64 
higher surface mobility, thus resulting in the reduction of hexagonal growth in the 
cubic sample [10, 11]. Furthermore, higher temperature also increases the interaction 
between the cubic GaN layer and cubic GaAs substrate [10]. Thus, the layer 
effectively inherits the cubic ‘mode’ from the substrate. If the growth temperature is 
too high then it causes re-evaporation of Ga and N atoms and therefore cubic GaN 
can no longer be grown.  
 
Towards the edge, the temperature becomes lower which causes lower surface 
mobility and thus makes the hexagonal content increase. Further decrease in the 
temperature close to the edge leads to further reduction of the surface mobility which 
enhances the growth of the hexagonal phase. Hence, the hexagonal PL becomes even 
stronger and the luminescence from cubic GaN is considerably weaker. At this point, 
Ga droplets may form on the surface. The mechanism by which Ga droplet formation 
enhances the hexagonal inclusion in cubic GaN is not well understood but it has been 
experimentally observed [9]. This work shows that the centre part of the sample has 
better cubic crystalline quality and therefore should be used for further analysis and 
processing2.  
 
4.1.4: PL results for cubic GaN with the variation of thickness 
 
Next, the increase of the hexagonal inclusions with the variation of cubic GaN 
thickness is investigated. In this work, a number of undoped cubic GaN samples 
were grown near stoichiometric condition with the growth rate of ~0.4m/hour and 
the growth temperature around 680°C. Figure 4.5 shows the dependence of the 
hexagonal PL intensity as the thickness of the cubic layer is changed. From the 
figure, the intensity of the spectra for thin samples is very weak. However, detailed 
investigation found that the samples show the three peaks that correspond to the 
emission in cubic GaN (please refer to Figure 4.1) and that the signal due to 
hexagonal GaN is negligible.  
 
When the thickness increases to ~1.9m, the sample starts to show a broad shoulder 
at lower energy around 3.25eV and this maybe due to the overlap of two broad 
                                                 
2
 Note that the samples used in section 4.11 and 4.12 were taken from the centre part of the wafer.  
 
 65 
signals of excitonic recombination in cubic GaN and DA pair transition in hexagonal 
GaN [12, 13]. At higher energy, another broad signal is observed and it is probably 
caused by a mixture of various transitions in hexagonal GaN. When the layer was 
grown at ~12.0m, the spectrum is apparently dominated by hexagonal related 
emission around 3.42eV. However, there is a broad signal with small magnitude 
around 3.32eV that could be due to emissions related to defects in hexagonal GaN 
[5].  
 
Similar to the previous report [7], the result shows that the fraction of the hexagonal 
phase in cubic GaN increases with thickness. When the thickness is increased, the 
growth conditions, such as III/V ratio, growth rate and temperature, change with 
time. At this point, the optimal growth for cubic GaN can no longer be sustained, and 
therefore the growth of the stable phase (hexagonal) starts to increase in the sample.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: PL spectra for cubic GaN samples with different thicknesses. The signal 
due to hexagonal material is stronger when the thickness is increased. Insert figure 
shows the large scale for thinner cubic GaN.  
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Figure 4.6 shows the XRD data for the 12.0m thick cubic GaN sample. The peak in 
intensity related to cubic GaN is observed around 40°. However, there is a small 
peak at about 35° that probably comes from hexagonal inclusions in cubic GaN or 
might be due to the formation of (111) cubic GaN stacking faults. It should be noted 
that the signal of GaAs is observed; showing the penetration depth of XRD is more 
than 12.0m. Therefore data for the whole depth of GaN is collected, whereas the 
excitation light in the PL measurement penetrates only a few hundred nano-meters 
into the surface. The origin of a small peak in intensity at ~37° is not clear at this 
stage. 
 
Comparing both measurements, certainly at 12.0m, the hexagonal signal is 
dominant in the PL while the XRD data shows cubic material is dominant. Again, 
this confirms how sensitive PL is to the hexagonal fraction, particularly when the 
thickness is increased. On the other hand, the XRD peak that could be related to 
hexagonal material is about three orders of magnitude smaller than that for cubic, 
indicating that the total amount of hexagonal content in the sample is still small. This 
implies that even small incorporation of hexagonal material near the surface results 
in a strong PL signal. Thus, we strongly propose that the quality of cubic GaN should 
be characterised through both measurements, especially for thicker layers, where the 
hexagonal content becomes higher.      
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Figure 4.6: XRD data for 12.0m thick cubic GaN. The cubic signal in [002] 
direction is observed around 40°. The peak related to GaAs is coming from the GaAs 
substrate. 
 
 
In this work, so far we have demonstrated that cubic GaN is grown better under near-
stochiometric conditions at near the centre of the wafer where the temperature is 
known and at moderate growth rate. By using these calibration results, we 
successfully grow thick cubic GaN with low hexagonal inclusions, as has been 
measured by PL and XRD. Now we will apply these techniques to the growth of bulk 
cubic GaN.  
 
4.1.5: PL results for bulk cubic GaN  
 
 
In this work, we aim to increase the thickness of cubic GaN so that it can easily be 
handled and processed thus making it a suitable substrate for device applications. To 
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achieve this target, bulk undoped cubic GaN samples were grown using a special 
approach, where two different growth rates were introduced during the growth.  For 
the first 10µm thickness, a cubic layer was grown at a slower rate of around 
0.4µm/hour so that the growth of hexagonal material could be nearly suppressed. The 
growth rate was then increased to ~0.8µm/hour in order to build up the thickness of 
the sample while minimising the overall growth time.  
 
At the initial stage in this work, PL measurement on a ~60µm thick cubic sample 
was carried out. Like previous measurements, the top side the sample was excited by 
the laser and there was no luminescence that could be detected, even at higher 
energy. This is due to the fact that the penetration depth of the excitation light is 
limited to 0.1m depth and thus the data for whole depth of the cubic layer is not 
measured. In this work, we excited the edge of bulk cubic GaN with tiny laser spot 
so that the signal from cubic and hexagonal phases over the whole depth could be 
observed.  
 
In this work, a ~50m thick cubic sample was carefully cleaved so that a smooth 
edge was obtained. The sample has cleavage perpendicular planes (similar to what 
had been observed in Figure 4.4a) which confirms that the sample is mostly cubic. A 
micro laser beam hit the edge surface and the PL spectra were measured for points 
between the GaAs/GaN to GaN/vacuum interfaces. Figure 4.7 shows the PL intensity 
as a function of energy at different depths. It can be seen that there are two small 
peaks that probably arise from the overlapped signals of excitonic emissions in cubic 
GaN and DA pair transitions in hexagonal GaN at ~3.28eV, and emissions related 
defects in hexagonal GaN at ~3.34eV. On the other hand, a strong signal which is 
due to hexagonal related emission around 3.4eV dominates the PL spectra. Further 
analysis of the spectra at the peak energy is presented in Figure 4.8. 
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Figure 4.7: PL spectra with the variation of depth in ~50m thick cubic GaN 
(distances measured from GaAs/GaN interface). The spectra are clearly dominated 
by hexagonal related emission. 
 
 
Figure 4.8 shows the increase of hexagonal PL (at the energy of 3.4eV) with the 
variation of depths. Apparently, the intensity increases with thickness and this 
correspondingly reflects that the hexagonal inclusions increase with thickness. 
However, at further distance towards the edge of the sample, the intensity reduces 
due to the finite spot size of the laser beam moving off the edge of the sample. The 
data from earlier Nuclear Magnetic Resonance (NMR) measurements [14] found that 
the average hexagonal content in our thick cubic GaN samples is about 10%. By 
using this result, the luminescence intensity is calibrated in order to estimate the 
approximate percentage of hexagonal material in the sample as a function of 
thickness [a detailed description of the PL calibration procedure is given in 
Appendix]. The result is shown in the same figure. From this observation, it is shown 
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that the hexagonal fraction is just a few percent close to the GaAs/GaN interface, 
which would therefore appear to be the best surface to use for further growth. In fact, 
even at 50m, the hexagonal fraction is less than 20%, which is much better than 
some thin layers in earlier works. 
 
 
 
 
 
 
 
 
Figure 4.8: The PL intensity of hexagonal (dashed line with full-square) and the 
percentage of hexagonal inclusion (solid line with full-circle) as functions of depth 
for a ~50m thick cubic GaN. The point near GaAs/GaN interface corresponds to the 
start point. 
 
 
So far in this work, we have successfully demonstrated a bulk cubic GaN layer with 
a relatively low hexagonal content for the first time. In this work, we also intend to 
investigate the fundamental properties of cubic GaN, which is presented in the 
following section. 
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4.2: THE ELASTO-OPTICAL STUDY ON CUBIC GaN 
 
Up to now, there have been few studies reported on the fundamental properties of 
cubic GaN. The limitation arises from the difficulty of growing high purity cubic 
GaN due to its metastable structure. In different experiments, the published values of 
refractive index of cubic GaN are significantly inconsistent [15-17]. Besides this, 
data on elastic properties in cubic GaN are scarce and so far limited to only 
theoretical calculations [18].   
 
In this work, the basic elastic and optical properties of thin bulk GaN (~1m) on a 
GaAs substrate were measured using the picosecond acoustic technique. The low 
temperature values of the longitudinal sound velocity, s
GaN
LA  elastic constant, c11 and 
refractive index, n of cubic GaN are determined. The measurements are also 
performed on hexagonal (wurzite) GaN for comparison. Assistance with the 
measurement and data analysis was provided by Prof. A.V. Akimov.  
 
4.2.1: The effect of strain pulse on the reflectivity in cubic GaN 
 
 
At the early stage of this work, the lattice constant of the cubic symmetry of the 
GaN, a was measured by XRD and the value is found to be 4.54 Å. We calculated 
the mass of a cubic cell from the molar mass of GaN, m = 5.60x10-22g, which gives 
the density of the film, ρ = 5.99 g cm−3. Next, the picosecond acoustic measurement 
is carried out with the variation of temperature, from 4.7 to 300K. The probe signal, 
0
)(
R
tR∆
 (R0 is the reflectivity without strain pulses) as a function of the time delay, 
t between the probe and pump pulses had been measured at low temperature and the 
result is shown in Figure 4.9 The propagation of the strain pulses through the GaAs 
substrate occurred in a time t0 = s
GaAs
LAl = 51 ns, where s
GaAs
LA = 4.8 x 10
3
ms-1 is the 
longitudinal (LA) sound velocity in GaAs and l = 245m is the thickness of the GaAs 
substrate. For a convenience, t0 ≈51ns is subtracted to give t=0 corresponding to the 
time when the strain pulse arrives at GaN layer. The measured signal consists of four 
peaks (1-4); two peaks (1 and 3) have R(t) < 0 while the other peaks (2 and 4) have 
R(t) > 0. Each peak is separated by the equidistant time interval t = 193 ± 7ps. In 
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the time interval t = 75-200ps, an oscillatory behaviour is clearly observed and the 
detail is given in Figure 4.10(a).  
 
 
 
Figure 4.9: The change of the reflectivity of the cubic GaN film as a function of the 
time delay between the probe pulse and the arrival time of the strain pulse at the GaN 
film. The peaks labelled 1-4 show the strain pulse passing the related interfaces. 
 
 
The effect of the strain pulse on the reflectivity, R(t)  (as shown in Figure 4.9) is 
commonly observed in various materials in earlier experiments. There are two well-
known mechanisms that cause the change of the reflectivity, R(t). Firstly, the 
dynamical change of film thickness is induced as the strain pulse passes the film 
interfaces. As a result, the interfering probe beams reflected from the two film 
interfaces experience a dynamical phase shift. Secondly, the strain in the material 
induces modulation of the refractive index. This causes coherent Brillouin 
oscillations of the probe signal while the strain pulse propagates between the film 
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interfaces. Figure 4.10(a) shows the oscillatory behaviour in between 75 and 200ps 
that exhibits the Brillouin oscillations when the strain pulse transverses the GaN film, 
from one interface to another. Figure 4.10(b) shows the Fourier transform of the 
temporal signal. 
 
 
   
 
 
 
Figure 4.10: (a) The change of reflectivity from cubic GaN film as a function of the 
time delay. (b) The Fourier transform of the temporal signal. 
 
 
4.2.2: Measuring sound velocity, elastic constant and refractive index in cubic 
GaN 
 
From Figure 4.9, peaks 1 and 3 correspond to the time when the strain pulse passes 
the GaN/GaAs interface and peaks 2 and 4 correspond to the arrival of strain pulses 
at the GaN/vacuum interface. The amplitudes of pulses 1 and 3 with R(t) < 0 are 
almost identical, showing the negligible incoherent scattering at the GaN/vacuum 
interface. The difference in amplitudes of the pulses 2 and 4 with R(t) > 0 is due to 
the reflection of the strain pulse at the GaN/GaAs interface. Therefore, the ratio of 
the amplitudes for pulses 4 and 2 is equal to the reflectivity coefficient, R of the 
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longitudinal sound at the GaN/GaAs interface and R can be calculated using acoustic 
mismatch theory given by: 
 
GaAsGaN
GaAsGaN
ZZ
ZZR
+
−
=                                                   (2) 
where Z GaN and Z GaAs are the acoustic impedances of GaN and GaAs, respectively.  
 
It is well known that the value of Z GaAs is given by ρ GaAs s
GaAs
LA = 2.541 x 10
6 g/cm2s. 
The measured value of R is 0.24 ± 0.01 and from Equation (2), the value of sound 
velocity, s
GaN
LA  is (6.9 ± 0.1) x103 m/s and the corresponding elastic constant, c11 = 
( s
GaN
LA )2ρ GaN is 285±8 GPa. The value for c11 from this measurement is in good 
agreement with the calculated value of c11 [18]. 
 
The strain pulse is a coherent excitation of vibrational modes of the crystal lattice 
(coherent phonons). Hence, there is scattering between photons and phonons that 
influences the Brillouin backscattering oscillations as shown in Figure 4.10(a). This 
oscillation is dominated by the momentum conservation law kphonon = -2kphoton, where 
kphonon and kphoton are the wave vectors of a phonon mode in the strain pulse and 
photon in the probe beam, respectively. Figure 4.10(b) shows the Fourier spectrum of 
Figure 4.10(a) and the oscillation frequency, f is found to be 91 ± 2 GHz. By using 
this f, the value of refractive index in cubic GaN at low temperature is derived by:  
 
α
λ 2
2
sin
2
+








=
s
GaN
LA
f
n                                           (3) 
where α is the angle of incidence of the probe beam. 
 
Based on the experiment, λ = 400nm and α = 20°. This gives n = 2.63 ± 0.04 at 4.7K. 
The thickness of GaN film can be calculated by 04.033.1 ±=∆= td s
GaN
LA m. 
 
Furthermore, the dependences of s
GaN
LA , c11 and n on temperature were investigated. 
From the experiment, the measured values did not change within the experimental 
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error although the temperature, T was increased up to 100K. However, higher 
temperature (above 100K) generates strong acoustic scattering in the GaAs substrate 
that causes the picosecond strain pulse not to reach the GaN film [19]. For 
comparison, a similar measurement was carried out on hexagonal GaN films (using 
sapphire substrates) over a wider temperature range from 4.7K to 250K. The sound 
velocity, s
GaN
LA  for hexagonal GaN is found to be (8.4 ± 0.3) x103 ms-1 and it does not 
depend on T within experimental error. This experiment reveals that the sound 
velocity in GaN varies considerably in different crystallographic structures.  
 
4.2.3: The dependence of the refractive index on photon energy in cubic GaN 
 
By knowing a precise value of the thickness, d from the picosecond acoustic 
measurement, the refractive index, n and its dependence on photon energy can be 
plotted by a standard optical reflectivity measurement. Figure 4.11 shows the 
reflectivity spectrum of the cubic GaN film measured at normal incidence at room 
temperature. The Fabry-Perot oscillations are clearly observed and the refractive 
index may be derived from the Bragg conditions for the wavelength λmin at the Nth 
order of the reflectivity minima: Nλmin = 2nd.  
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Figure 4.11: The Fabry-Perot oscillations in cubic GaN film at room temperature. 
 
 
Figure 4.12 shows the dispersion curve for the derived refractive index at room 
temperature. This result agrees with the previous experimental observation at one 
energy by precise ellipsometric measurement [15]. For comparison, the derived 
refractive index from the picosecond acoustic measurement at 4.7K is included. The 
derived refractive index at low temperature with the photon energy E = 3.09eV is 
smaller than at room temperature due to the blue shift of cubic GaN band gap when T 
decreases [20]. The measured values for elasto-optical properties in cubic GaN are 
summarised in Table 4.1. 
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Figure 4.12: The dependence of the derived refractive index on photon energy for 
cubic GaN film at room temperature. The refractive index increases exponentially 
with the photon energy. The derived refractive index at low temperature is included 
for comparison. 
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Table 4.1: Elasto-optical parameters for cubic GaN. The respective values for 
hexagonal GaN are given for a comparison. 
 
                                                                                  c-GaN                            h-GaN 
Density (g/cm3)                                                        5.99                                  6.15 
Longitudinal sound velocity,  s
GaN
LA                      (6.9±0.1)                           8.0[21] 
x103(m/s) 
 
Elastic constant, c11 (GPa)                                       285±8 
                                                                                 287 [18] 
Refractive index at 3.09eV 
T=300K                                                                 2.07±0.04 
T=4.7K                                                                  2.63±0.04                            2.54[22] 
 
 
4.3: STUDIES OF ELECTRICAL TRANSPORT IN CUBIC GaN 
 
While material quality remains an issue, the doping process is also important to 
improve/modify the conductivity in a semiconductor and make it useful for device 
applications. Nowadays, doping is required for constructing p-n and p-i-n junctions 
providing carriers for devices such as high electron mobility transitors (HEMTs) as 
well as for creating doped substrate such as n+ substrate for resonant tunnelling 
diodes (RTDs) and laser diodes (LDs). Due to the importance of doping in 
semiconductor devices, we investigate the electrical properties of cubic GaN samples 
with the variation of dopants and thickness. This work is described in the following 
section. The samples were measured by Hall Effect at room temperature.  
 
4.3.1: Electrical properties in cubic GaN with the variation of dopants 
 
At the early stage of this work, 0.5µm thick cubic GaN samples, doped with different 
types of dopants had been grown by MBE Gen-II system. Samples 1 and 2 are 
undoped samples. Samples 3 and 4 were doped with Carbon (C) and Manganese 
(Mn), respectively, while sample 5 was doped with Si donors. Table 4.2 shows the 
summary results for these samples. 
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Table 4.2: The electrical properties in cubic GaN samples doped with different 
dopants. 
 
Sample Thickness of 
cubic GaN (m) Dopant 
Conductivity 
(type) 
Carrier 
density 
(cm-3) 
Mobility 
(cm2/Vs) 
1 ~0.5 - n 6.14 x 1019 5.10 
2 ~0.8 - n 6.40 x 1019 5.85 
3 ~0.5 C n 1.46 x 1020 2.32 
4 ~0.5 Mn p 1.81 x 1019 2.33 
5 ~0.5 Si n 1.13 x 1020 3.59 
 
 
The undoped cubic GaN samples are found to be n-type and this is likely due to the 
Oxygen (O) impurity that exists in the growth system. The electron concentration 
and mobility for the samples are approximately 6x1019cm-3 and 5cm2/Vs, 
respectively. The electron concentration value is somewhat high and this implies the 
possibility of a high density of residual donors in our samples. However, this has 
been typically observed for the case of undoped hexagonal GaN [23, 24]. The 
mobility of carriers is found to be very low and this might be due to high impurity 
concentration [25] and intrinsic defects [26] that limit the carrier transport properties 
in the sample.    
 
Carbon doped cubic GaN also showed n-type characteristic. Technically, Carbon has 
an amphoteric nature where it can be a donor or acceptor, respectively. However, 
from our observation, it is suggested that C atoms tend to be incorporated at Ga-sites 
in the sample and act as donors. This is perhaps due to the influence of the growth 
conditions. The sample has a high electron concentration of 1.46x1020cm-3 and low 
carrier mobility of 2.32 cm2/Vs, respectively. This is expected as high residual 
impurities and intrinsic defects already exist in the sample.  
 
In this work, cubic GaN had been successfully doped with Mn. During the doping, 
the Mn atoms serve as an effective acceptor to compensate high residual donors in 
cubic GaN. Therefore, the hole concentration is found to be around 1.8x1019cm-3. 
The sample has low carrier mobility, which is about 2.3cm2/Vs but this is consistent 
with what had been normally observed in p-type GaN [27]. 
 
 80 
In other reports, p-type Mn doped cubic GaN with a thickness of 300nm had been 
characterised at room temperature. The  hole density and mobility of the sample are 
about 1018cm-3 and 300cm2/Vs, respectively [28]. This mobility value is much larger 
than that in our measured sample. It is suggested that the difference in growth 
methods and conditions used to grow the samples may lead to different intrinsic 
impurities and defects, consequently affecting the electrical properties.    
 
Si doped cubic GaN shows n-type characteristics with carrier density and electron 
mobility about 1.137x1020cm-3 and 3.6cm2/Vs, respectively. From the measurement 
on undoped cubic GaN, these values are expected to be due to poor quality of the 
sample.  However, the result is quite comparable to another experiment by As et el 
[29]. They reported that the maximum free electron concentration is around 
5x1019cm-3 with an electron mobility of 75cm2/Vs. 
 
4.3.2: Electrical properties in cubic GaN with the variation of thickness 
                                           
In addition, we study the electrical properties of undoped cubic GaN with the 
variation of thickness. In this work, cubic GaN samples were grown by a homemade 
mini MBE system at University of Nottingham by Dr. S.V. Novikov. Figure 4.13 
illustrates the structures with the thickness of the top layer, d. The measured values 
are tabulated in Table 4.3.    
 
 
 
Figure 4.13: The sample structure with the variation of thickness, d. 
 
 
Cubic GaN, d 
Cubic GaN buffer layer 
 0.06 µm 
GaAs buffer 
0.15 µm 
 
GaAs Substrate 
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Table 4.3: The electrical properties of undoped cubic GaN samples with different 
thickness, d obtained from the experiment. 
 
Sample 
Thickness of 
GaN 
(µm) 
Conductivity 
Carrier density 
(cm-3) 
 
Mobility 
(cm2/Vs) 
MS-707 0.58 p-type 9.59 x 1018 1.46 
MS-717 1.20 p-type 1.74x 1018 1.80 
MS-718 27.60 n-type 3.08x 1018 2.82 
MS-730 30.00 p-type 1.45x 1017 12.38 
 
 
The above table clearly shows that the electrical properties of the undoped cubic 
GaN samples vary with the thickness. The thin samples show p-type behaviour with 
a high carrier density but lower mobility. However, in previous measurement, the 
thin undoped MBE-Gen II samples showed n-type behaviour. The difference 
between the results is probably due to the different growth conditions in the different 
growth machines, which affect the unintentional incorporation of impurities and 
intrinsic defects during the growth process. 
 
The sample with the thickness of ~27m shows n-type behaviour. Similar to the thin 
samples, this sample has high carrier density with low mobility. However, the 
~30m thick sample shows p-type behaviour. The variation of these results can be 
explained by this fact: longer growth leads to fluctuation in Ga and N fluxes as well 
as the growth temperature with time. Equally, these effects may change the electrical 
properties of the sample.  
 
The mobility values suggest impurity and defect densities in the thin cubic GaN are 
also high and this is similar to the case of the MBE Gen-II samples. For thicker cubic 
GaN, the residual impurities and defects are lower, which lead to higher mobility. 
This is consistent with our previous PL result shown in Figure 4.5, where the DA pair 
transitions are weaker as the thickness is increased. We cannot confirm if there is a 
dependence of thickness on the residual carrier density and mobility as we don’t have 
enough statistics and data to explain this behaviour. However, we know that the 
samples could be grown under different conditions even for different pieces of the 
same wafer (refer to the earlier section on PL measurement across wafer in section 
4.1.3).  
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4.4: PL RESULTS FOR CUBIC AlxGa1-xN  
 
In this work, some samples of undoped cubic AlxGa1-xN with different Al content, x 
and thickness have also been characterised. Table 4.4 shows the details of the 
samples.  
 
 
Table 4.4: Detailed specification of cubic AlxGa1-xN samples with the variation of Al 
content, x and thickness. 
 
Sample Al composition Thickness (m) 
SN-365 0.0 ~7.400 
SN-368 0.0 ~5.967 
SN-369 0.1 ~0.500 
SN-371 0.1 ~0.502 
SN-372 0.1 ~5.860 
SN-370 0.2 ~0.482 
SN-373 0.2 ~0.485 
 
 
Figure 4.14 shows examples of PL spectra for cubic GaN sample (SN-368) and cubic 
Al0.2Ga0.8N (SN-370). Based on our observation on the optical properties of cubic 
GaN, peak at ~3.26eV is due to excitonic emissions and two peaks at higher energies 
may correspond to emissions in hexagonal GaN. On the other hand, a signal at 
~3.97eV in cubic Al0.2Ga0.8N is unidentified. It might be related to emission in cubic 
Al0.2Ga0.8N or hexagonal Al0.2Ga0.8N. However we intend to speculate the origin of 
this peak. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14: PL spectra for cubic GaN (SN-368) and cubic Al0.2Ga0.8N (SN-370) at 
low temperature. 
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In the work, we intend to estimate the origin of the peak emissions that had observed 
in all samples in Table 4.4. Therefore we prepare a figure, that includes the 
calculated energy gap for hexagonal AlxGa1-xN and cubic AlxGa1-xN as a function of 
Al content, x at low temperature (lines) so that the origin of the emissions appear in 
PL spectra can be roughly defined. There were obtained by calculating the band gap 
energy of AlxGa1-xN, given by 
 
)1()()()1()( xbxAlNxEGaNExxE ggg −−+−=                          (1) 
 
where Eg(c-GaN) =3.3eV [30], Eg(c-AlN) = 5.1eV [31]3 and b=0.88eV [32]. For the 
hexagonal system, Eg(h-GaN) =3.5eV [33], Eg(h-AlN) = 6.1eV [33] and b=0.71eV 
[34]. Figure 4.15 shows the PL peak energy of cubic AlxGa1-xN with the variation of 
Al content and a summary of the results is tabulated in Table 4.5. 
 
                                                 
3
 Up to now, there are very limited works reported on the energy gap for cubic AlN at low 
temperature. In fact, it was found that cubic AlxGa1-xN is shifted from direct to indirect bandgap when 
the Al content, x is above ~0.5. 
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Figure 4.15: The PL peak energy of cubic AlxGa1-xN samples with the variation of Al 
content, x at 4.7K (a) PL peaks that could be due to emission from cubic AlxGa1-xN 
and (b) peaks that could be due to emission from hexagonal AlxGa1-xN. 
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Table 4.5: Summary of the peak emission energies in different cubic AlxGa1-xN 
samples.  
 
Sample Thickness (M) 
Energy emission in 
Cubic  AlxGa1-xN 
(eV) 
Energy emission in 
Hexagonal AlxGa1-xN 
(eV) 
GaN 5.967 3.26 3.42 
GaN 7.400 3.26 3.42 
Al0.1Ga0.9N 0.500 3.42 3.62 
Al0.1Ga0.9N 0.502 3.42 3.62 
Al0.1Ga0.9N 5.860 - 3.67 
Al0.2Ga0.8N 0.482 - 3.77 
Al0.2Ga0.8N 0.485 - 3.96 
 
 
As can be seen from Figure 4.14 and Table 4.5, the peak emissions in our samples 
are defined by using the plotted lines for cubic and hexagonal AlxGa1-xN. From this 
observation, the thick cubic GaN samples show two peak energies that might be 
attributed to hexagonal and cubic emissions, respectively. Similar behaviour is also 
observed for thin cubic Al0.1Ga0.9N samples but for the thick cubic Al0.1Ga0.9N 
sample, the spectrum is mainly governed by the hexagonal peak. This is consistent 
with the case for cubic GaN, where hexagonal inclusions increase as the thickness is 
increased.  
 
When the Al content, x rises up to 0.2, the spectra are strongly dominated by 
hexagonal signal although the samples are thin. The result seems to show that the 
increase of hexagonal inclusions in cubic AlxGa1-xN is also influenced by the Al 
content, x. This is probably due to the difficulty of maintaining the growth of cubic 
AlxGa1-xN when the Al content is increased. Furthermore, the miscibility gap 
between AlN and GaN also increases with Al content, x. In this case, the bond 
between Al-N becomes stronger and they possibly prefer to grow in the 
thermodynamically stable hexagonal phase. However, more data and results are 
required in order to find the precise explanation for this behaviour.  
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4.5: CONCLUSIONS 
 
 
In this work, we found that the increase of hexagonal inclusions in cubic GaN is 
influenced by III/V ratio, position of the wafer and growth rate. Although the 
hexagonal content increases with the thickness, a bulk cubic GaN has been 
successfully grown with a low average of hexagonal inclusion around 10% and just a 
few percent at interface. Based on this work, we propose that both PL and XRD 
measurements are required for characterising cubic GaN.  
 
In this work, the fundamental properties of cubic GaN have also been investigated. 
The elasto-optical parameters of a cubic GaN film at low temperature were measured 
by picosecond acoustic measurements. From the result, the sound velocity is found to 
be 6.9±0.1 kms-1 with the elastic constant = 285±8GPa and the refractive index 
=2.63±0.04 in cubic GaN. These values differ considerably from those for hexagonal 
GaN film.  
 
In the electrical investigation, it was found that the undoped cubic GaN samples 
could be n- or p-type depending on growth conditions. From the measurement, C-
doped and Si-doped cubic GaN show n-type characteristic, whereas p-type GaN:Mn 
was successfully demonstrated. These samples have high electron concentration but 
low mobility, probably due to poor quality of the samples. Besides, the electrical 
properties of undoped cubic GaN vary with the thickness and this might be due to 
fluctuations in growth condition during long growth. 
  
In addition to this work, we extended the growth technology of cubic GaN to cubic 
AlxGa1-xN. The optical properties of cubic AlxGa1-xN with the variation of Al content, 
x were studied. From our observation, hexagonal PL starts to dominate the spectra 
when the Al content, x is increased; probably due to the difficulty of sustaining the 
growth of cubic AlxGa1-xN and also the miscibility gap mechanisms.  
 
The next chapter describes the processing of the bulk cubic GaN to make it as a 
suitable substrate for device applications. In this project, we intend to grow a device 
structure on a free standing cubic GaN substrate, using the surface that was in contact 
with GaAs substrate as the interface has only few percent of hexagonal content.  
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CHAPTER 5: PROCESSING OF CUBIC GaN    
                         SUBSTRATE 
 
 
In chapter 4, bulk cubic GaN with low hexagonal content of about 10% has been 
successfully demonstrated. The size of the layer is ideal for easier handling and 
processing in an attempt to produce a suitable commercial cubic GaN substrate for 
device applications. It is also reported that hexagonal inclusions in cubic GaN 
increase with thickness. Therefore, growing a device or structure on the surface that 
was in contact with GaAs substrate would seem preferable as it has only few percent 
of hexagonal content. However, defects due to strain and arsenic (As) inclusions are 
already generated at the interface between GaN and GaAs substrate. Thus this 
interface layer needs to be removed so that a cubic device/structure can grow better 
on top of it.  
 
In this chapter, we report studies on bulk cubic GaN through Secondary Ion Mass 
Spectroscopy (SIMS), Photoluminescence (PL), X-ray diffraction (XRD) and 
Atomic Force Microscopy (AFM) measurements. At the end of this work, a device 
grown on a free standing cubic GaN substrate is demonstrated and its optical 
properties will be presented.  
 
 
5.1: COMPOSITIONAL ANALYSIS FOR CUBIC GaN 
 
In this work, the As concentration in our cubic GaN samples were investigated 
through SIMS measurement. At the first stage in this work, the GaAs substrate had 
been chemically etched from the samples in order to obtain free standing cubic 
layers. Figure 5.1 shows the SIMS result for the samples before and after the etching 
process, corresponding to the data from different sides of the samples. As the 
penetration depth of the SIMS measurement is limited to ~2.5m, a thin cubic GaN 
layer (~2m) with GaAs substrate was used to estimate the As and N profiles close 
to the interface which one might obtain with a thicker (~12m) cubic layer. 
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Figure 5.1: SIMS data in cubic GaN samples for different probe directions (a) Thin 
c-GaN before etching (b) Thick c-GaN after etching. The shaded area needs to be 
removed by polishing. 
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From Figure 5.1(a), it is clearly shown that the As density starts to be higher at the 
interface and towards the GaN/GaAs substrate. The contrary dependence is observed 
for N density. After the etching, the SIMS measurement is directed to the surface of 
the thick cubic GaN that was in contact with GaAs substrate and the result is shown 
in Figure 5.1(b). The N density remains constant, however there is a high quantity of 
As inclusions at the interface. Therefore, the shaded area indicates a micrometer 
layer that needs to be removed from the sample by the polishing process in order to 
reduce the As content to the SIMS background level.    
 
Figure 5.2 shows the XRD data for the free standing ~12m thick cubic GaN layer. 
The peak in intensity that corresponds to cubic GaN is observed around 40°. Apart 
from that, a small peak can be seen about 35°. As reported before, this peak could be 
attributed to hexagonal inclusions or, more probably, to the stacking faults of (111) 
cubic GaN. In this measurement, the data for the whole depth of the layer had been 
collected (please refer to Figure 4.6 for comparison). As there is no measurable 
signal from GaAs observed we can infer that the GaAs substrate was successfully 
removed from the layer. 
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Figure 5.2: XRD data for a free standing thick cubic GaN layer. Clearly, no peak 
related to GaAs is observed.  
 
 
5.2: OPTICAL STUDIES FOR CUBIC GaN  
 
In this work, the optical investigation on ~12m thick cubic GaN in contact with the 
GaAs substrate was carried out4. The evidence that this material is mostly cubic had 
been observed through XRD measurement (please refer to Figure 4.6). The sample 
surface that faces away from the GaN/GaAs interface was polished and excited for 
optical study. Figure 5.3 shows PL spectra for the sample with the variation of 
polishing time. Obviously, the hexagonal-related emission gives a strong signal 
around 3.42eV. This peak could be attributed to free to bound transitions [1]. On the 
other hand, there is a broad signal with small magnitude around 3.3. We suggest that 
                                                 
4
 It is risky if we use the free standing sample at this stage as the sample may crack and fall off from 
the holder during low temperature PL measurement. Note that the wax that holds the sample to the 
holder is not effective at lower temperature.  
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this may correspond to the overlapped broad signals between excitonic emissions in 
cubic GaN and DA pair transitions in hexagonal GaN. The inset figure also shows the 
PL peak as a function of the thickness (note that the polishing rate was about 
3m/hour).  
 
It can be seen that the hexagonal PL is significantly reduced after 30 minutes of 
polishing and continues decreasing at a slower rate on the subsequent times. This is 
consistent with our previous work, where the percent of the hexagonal content 
decreases towards the GaN/GaAs interface. However, it should be noted that we 
intend to polish the surface that was in contact with GaAs substrate, as shown in 
Figure 5.1(b). If we polish the surface for many hours, we may end up by having the 
surface with higher hexagonal content (the previous study showed the interface 
between GaN/GaAs substrate has only few percent of hexagonal material and that 
this increases towards the GaN surface). Hence, we need to polish the samples for 
the right amount of time so that the As inclusions and defective material on the 
surface can be minimised and at the same time the hexagonal content can be 
minimised. In this work, we polished our cubic GaN substrate for ~2hours.  
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Figure 5.3: PL spectra for polished cubic GaN at different polishing times. Clearly, 
the hexagonal peak around 3.42eV decreases with time. 
 
5.3: SURFACE MORPHOLOGY STUDIES FOR CUBIC GaN  
 
It has been reported that a rough substrate surface may enhance the formation of 
stacking faults in cubic GaN [2]. When [111] stacking faults are generated, the 
growth of hexagonal material could easily occur in the same orientation. For this 
reason, a smoother surface substrate is required so that the formation of hexagonal 
material in the subsequent growth on the substrate can be minimised.  
 
 
In this work, the capability of using the polishing process to reduce the roughness on 
the nitride surface is examined. As for the first investigation, the top side of a ~12m 
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thick cubic GaN sample mounted on the GaAs substrate was polished5 and its surface 
morphology was measured by AFM for various polishing time. Figure 5.4 shows the 
value of root mean square (RMS) roughness as a function of removal thickness. 
Similar to the dependence of hexagonal PL on the thickness, the surface roughness of 
the sample is considerably reduced when the thickness has been reduced by about 
1.5m and continues decreasing at a slower rate for subsequent polishing. This result 
supports the  hypothesis from many reports that there is correlation between the 
roughness and hexagonal PL [3, 4].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Dependence of the value of root mean square (RMS) roughness with the 
variation of removal thickness. 
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Now, we characterise the surface morphology for a polished free standing ~50m 
bulk cubic GaN substrate. The polishing time took around 2hours, correspondingly 
about 6m layer had been taken off from the sample. It should be noted that the 
surface that was previously in contact with the GaAs substrate is measured. Figure 
5.5(a) shows the AFM image of our cubic substrate while Figure 5.5(b) shows a 
commercial hexagonal substrate. From the comparison, it is found that the RMS 
roughness for the polished cubic substrate is lower (~1.8nm) than hexagonal, which 
is about 2.6nm. This shows the surface quality of our substrate reaches the standard 
of the commercial one and it could therefore be used as an appropriate substrate for 
device applications, like LEDs and LDs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: AFM images of the surface of (a) polished cubic GaN substrate and (b) 
commercial hexagonal substrate. 
 
 
5.4: GROWTH OF DEVICE ON CUBIC GaN SUBSTRATE 
 
To my knowledge, there are no reports which have ever demonstrated the growth of 
a device on a free standing cubic GaN substrate. In this project, our unpolished and 
polished free standing cubic GaN substrates were sent to Sharp Laboratories of 
Europe. In that laboratory, cubic nitride based devices were grown on top of the 
substrates and the structures were characterised by few measurements.  
 
  (a) (b) 
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In this work, a simple LED with 2.5nm cubic InxGa1-xN 6 active layer was grown on 
the cubic GaN substrates, respectively. We estimated the In composition in the cubic 
InxGa1-xN layer could be around 10%. The device structure is shown in Figure 5.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Cubic InxGa1-xN LED structure grown on unpolished/polished free 
standing cubic GaN substrates. 
 
 
Next, the optical properties of the cubic based devices grown on the unpolished and 
polished free standing cubic GaN were investigated. Figure 5.7 shows PL spectra for 
the device structure at 15K. An emission peak around 3.2eV is clearly observed in 
both structures. We suggest that this peak is due to emission from cubic GaN as the 
penetration depth is about 0.1m. 
 
The device grown on the polished substrate gives much brighter PL than that grown 
on the unpolished substrate. In fact, the peak emission from the polished structure is 
narrower, indicating that the polished free standing cubic GaN substrate promotes 
higher material growth quality to the device than the unpolished substrate does.  
 
 
 
                                                 
6
 The amount of Indium incorporation, x cannot be measured due to too many unknown 
factors/parameters. 
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Figure 5.7: PL spectra for InxGa1-xN LED structures grown on unpolished and 
polished free standing cubic GaN substrates. 
 
 
Subsequently, the current-voltage (I-V) characteristic for the structures was 
measured. The result is shown in Figure 5.8. Clearly, the device which was grown on 
the polished substrate shows better performance than that grown on the unpolished 
substrate. For forward bias, it can be seen that the turn on voltage for the device on 
the polished substrate is almost comparable to the normal reported value for III-V 
nitride-based LED [5, 6] in contrast to the device on the unpolished substrate.  This 
might be due to poor doping in the unpolished structure. For reverse bias, there is a 
high leakage current for the device grown on the unpolished substrate, indicating the 
possibility of high defect density in the structure [7, 8].  
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Figure 5.8: Current-voltage characteristics for InxGa1-xN LED structures grown on 
unpolished and polished free standing cubic GaN substrate. 
 
 
Detailed investigation on electroluminescence (EL) measurements found that 
increasing the InxGa1-xN well width by a factor of 10 improves the LED brightness. 
Figure 5.9 shows a room EL spectrum for a device with 30nm InxGa1-xN well, which 
was grown on a polished free standing cubic GaN substrate. Obviously, there is a 
strong peak emission around 460nm that can be attributed to the emission in the 
cubic InxGa1-xN well layer. The emission peak is in excellent agreement with the EL 
peak that had been observed in InGaN MQWs LED at room temperature [5]. This 
shows that a working InxGa1-xN LED device grown on free-standing cubic GaN 
substrate has been demonstrated for the first time. 
 
 
 
 
-5 -4 -3 -2 -1 0 1 2 3 4 5
0.0
0.5
1.0
1.5
2.0
 
 
 Device on unpolished substrate
 Device on polished substrate
Cu
rr
e
n
t (m
A)
Voltage (V)
 100 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: EL spectrum for InxGa1-xN LED grown on polished free standing cubic 
GaN substrate. The emission wavelength of the InxGa1-xN LED structure is around 
460nm. 
  
 
5.5: CONCLUSIONS 
 
It has been demonstrated that the polishing process reduces the As inclusions and 
defective materials on the surface of the cubic GaN layers. We had polished our 
cubic GaN substrates for 2 hours in order to minimise the As inclusions, defective 
material and low hexagonal content on the surface. In this work, the first working 
InGaN LED device grown on a polished free-standing cubic GaN substrate has been 
demonstrated. Additionally, the polished cubic GaN substrate improves the quality of 
the grown device as has been measured by luminescence and I-V characteristics.  
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CHAPTER 6: CUBIC NITRIDES BASED RESONANT 
                         TUNNELLING DIODE  
 
                                       
As has been mentioned in the earlier part of this thesis, the absence of internal 
piezoelectric fields makes cubic GaN interesting for vertical transport devices. 
Without the existence of such fields, problems with charge trapping that contributes 
to the irreproducibility of the current-voltage (I-V) result does not exist. Moreover, 
the theoretical modelling of tunnel devices would be made much simpler. On the 
other hand, due to the difficulty of growing cubic nitrides, there have been no studies 
on cubic nitride based resonant tunnelling structures reported so far. Considerable 
progress in cubic GaN and AlGaN growth has been demonstrated in this project and 
therefore we intend to transfer this technology to develop a working cubic nitride 
based tunnel diode for the first time.  
 
At the beginning of this chapter, a brief introduction to basic principles of operation 
of double barrier resonant tunnelling diodes (DBRTDs) is presented. As published 
data on cubic nitride tunnel diodes are not available at present, reports on the 
hexagonal (wurtzite) AlxGa1-xN/GaN DBRTDs are reviewed pointing out the 
problems caused by the internal fields, threading dislocations etc and therefore the 
vertical transport properties in cubic device may be anticipated. Next, the theoretical 
analysis of the tunnelling process in cubic AlxGa1-xN/GaN resonant tunnelling 
structures will be discussed. From this understanding, detailed calculations of 
tunnelling current-voltage (I-V) characteristics of a cubic based tunnel diode with the 
variation of band offset, well width, barrier composition, and barrier thickness will 
be presented. Through this calculation work, an optimal design of cubic AlxGa1-xN 
DBRTD is proposed, promising the feasibility of fabricating and characterising the 
tunnel device. Based on the designed structure, we will demonstrate for the first time, 
a working cubic AlxGa1-xN/GaN DBRTD. 
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6.1: TUNNELLING PROCESS IN DEVICE STRUCTURE   
 
In the classical regime, only an electron that has sufficient kinetic energy will pass 
over a potential barrier, while electrons with lower energy will be reflected back. On 
the other hand, quantum mechanics allows a finite probability for electrons with 
lower energy than the barrier height to tunnel through the barrier. This fundamental 
concept is significantly observed in the resonant tunnelling diode (RTD) structure. 
An RTD is basically a quantum well sandwiched between two tunnel barriers with 
doped contacts on either side to form Fermi seas of electrons, as is shown in Figure 
6.1(a). The red arrows show the width of the resonant level, Γ in the well and the 
barriers and well widths are db and dw, respectively. When a low voltage bias is 
applied to the device a small current flows. The current comes from various 
mechanisms such as non-resonant tunnelling, thermionic emission over the barriers, 
scattering assisted tunnelling process and leakage current through the surface states 
all of which contribute to the background current. Increasing the bias voltage (Figure 
6.1(b)) raises the emitter relative to the resonant level in the well and gives a 
maximum current when the conduction band in the emitter region corresponds to the 
resonant level. At this stage, more electrons are injected from the emitter region to 
the quantum well and therefore a peak current in the current-voltage (I-V) 
characteristic is obtained. Further increasing the voltage (Figure 6.1(c)) brings the 
resonant level below the emitter level and therefore reduces the current. This process 
produces a negative differential resistance (NDR) property in the I-V characteristic 
as shown in Figure 6.1(d). The current will rise up again due to the background 
effects and when the second resonant level (not shown in the figure) approaches the 
emitter level.  
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Figure 6.1: (a)-(c) illustrate the changes of the band structure with the variation of 
applied voltage, V. The width of resonant level, Γ is indicated by the red arrows. (d) 
shows the dependence of current on applied voltage, V.  
 
 
Due to their NDR characteristics, RTDs are useful for high-speed switching, high 
frequency oscillators, multi level logic and other applications. Moreover, their 
structure is quite simple thus making them easy to fabricate. In most cases, the 
quality of an RTD is typically described by the ratio of currents at the peak and 
valley (PVR). In the following section, a survey of published results on hexagonal 
AlN/GaN DBRTDs (double barrier resonant tunnelling diodes) is presented. From 
the survey, we can speculate the tunnelling properties in cubic nitride based 
DBRTDs structures. 
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6.2: STUDIES OF WURTZITE NIRIDES TUNNELLING DIODES 
 
In 2001, Kikuchi et al reported the tunneling properties of two types of MBE grown 
RTD structures; double barrier and superlattice barrier type AlN/GaN RTDs [1]. The 
DBRTD had a 0.75nm GaN quantum well with 1nm AlN barriers, while the 
superlattice RTD consisted of six 1nm AlN barriers with five 1nm GaN quantum 
wells. At room temperature, the double barrier structure showed evidence of the 
NDR effect at 2.4V with peak current density and PVR values of 930mA/cm2 and 
3.1, respectively. In the superlattice barrier AlN/GaN RTD structure, the NDR effect 
was observed at 1.6V with the peak current density around 142A/cm2 and the peak-
to-valley ratio (PVR) was three times higher than that of the DBRTD. A year later, 
the same group published a controversial result, where the PVR value of a high 
quality AlN/GaN RTD structure was found to be 32 with a NDR voltage of 2.4V and 
a peak current density of 180A/cm2 [2]. This PVR value seems unrealistic as high 
background defect density is readily expected in III-nitrides system. In fact, the 
authors did not report the reproducibility of the result on the same device, which 
suggests that the NDR feature might also be due to current instability or breakdown 
of the device. Moreover, they only demonstrated the I-V measurement on the positive 
bias (started from 0V), which might hide the evidence of the hysteresis at negative 
bias. 
  
The group of Belyaev et al [3-6] found that the appearance of the NDR effect in I-V 
characteristics for MBE AlN/GaN RTD was dependent on the direction of voltage 
sweep. The NDR peak and voltage changed for consecutive sweeps. The hysteresis 
was also observed in C-V measurements. From these observations, they suggested 
that the non-reproducible result arises from the polarization effect and the existence 
of defects in the device that lead to charge trapping. In low temperature 
measurements, the NDR effect was clearly observed around 0.8V with peak current 
nearly 0.044A with an increasing voltage sweep but the feature was not seen for the 
reverse bias direction [5]. Nonetheless, the authors suggested that the NDR feature 
was associated with current instabilities due to the problem with the charge trapping 
instead of true tunneling process. 
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Realizing defects could influence the performance of nitride based RTDs, Bayram et 
al [7] had grown some AlN/GaN DBRTD structures by MOCVD with different 
dislocation densities. Unsurprisingly, they reported that the device performance 
decreased in devices with higher defect density. Their best device exhibited room 
temperature NDR effect at 4.7V with a peak current density of 59kA/cm2 and a PVR 
value of 1.6. This PVR value however, was still lower than the best MBE tunnel 
structures, which suggests that MBE is the most suitable growth method for 
producing high quality nitride based RTDs. Although the device was grown with low 
defect density, the result was not reproducible in the subsequent measurements due 
to charge trapping and strong hysteresis, which might be enhanced by strong 
polarization fields.  
 
Even though the nitride based RTD devices were fabricated by different methods in 
different experiments, it seems that the NDR effect of the tunnel devices only occurs 
once, during the first bias scan. This is attributed to charge trapping effects which 
may be related to the large polarization effect in hexagonal III-V nitrides. 
Reproducing the result is challenging and therefore there have been a number of 
attempts to address this issue. Since the charge trapping is found to be more 
significant at high reverse bias, Belyaev et al. proposed that the carriers could be 
released from the traps by applying a large forward bias [5, 6]. On the other hand, 
Golka et al. demonstrated that the NDR peak can be partially recovered by annealing 
the sample at 350°C [8]. In another report, this group managed to restore the NDR 
effect by applying at least -3V to the device when sweeping from negative to positive 
bias [9]. However, the effect disappeared when the device was swept in opposite 
direction, (from positive to negative bias). 
 
Based on this survey, it is clear that the NDR effect in wurtzite nitride based resonant 
tunnel diodes is irreproducible. Most of the authors suggested that this problem may 
be associated with the charge trapping phenomenon. While the material quality 
remains an issue, the main reason for the charge trapping phenomenon is because of 
strong polarization effects in wurtzite structures grown on the c-axis. These effects 
could also lead to highly asymmetric I-V characteristic and complicate the modelling 
and design of the devices. By contrast, growing the tunnelling device on non-polar 
(001) cubic AlxGa1-xN/GaN is an approach which eliminates such internal fields. As 
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a result, the calculation of tunnelling is more straight-forward and the tunnelling 
properties in the device would be more reproducible. Nevertheless, due to the huge 
challenge of growing cubic nitride materials, no studies have yet demonstrated cubic 
AlxGa1-xN/GaN based RTD. 
 
Despite this issue, in this project, we have demonstrated impressive progress in the 
growth of cubic GaN. Using this technology, it is expected that the growth of a high 
quality cubic AlxGa1-xN/GaN (x<0.2) tunnelling structure is possible and therefore 
will be demonstrated. Before the growth, it is practical to find an optimal design of 
cubic AlxGa1-xN/GaN DBRTD that can then be fabricated and tested. In this work, 
the I-V characteristics of cubic AlxGa1-xN/GaN DBRTD have been calculated with 
the variation of band offset, well-width, barrier composition and barrier thickness 
parameters. In the following section, the theoretical calculation on the vertical 
transport properties in the cubic nitrides structure is presented.  
 
 
6.3: MODELLING OF CUBIC NITRIDE TUNNELLING DEVICE 
 
At the first stage of this work, the confined state energy level, Epk (resonant level) in 
the quantum well was found by solving the Schrödinger equation, using the effective 
mass approximation (EMA) and taking into account the different masses in the well 
and barrier regions. In our calculation, the effect of non-parabolicity and strain on the 
EMA are neglected. These effects had been experimentally observed for the case of 
hexagonal AlxGa1-xN/GaN heterostructures, however the effects are found to be less 
significant in lower quality materials [10, 11]. It is generally accepted that the quality 
of cubic nitrides is lower than typical hexagonal structures [12] and therefore, if the 
magnitudes are assumed similar in cubic GaN, then the effects should be even less. 
The calculated value of Epk is adopted in the calculation of the tunnelling I-V 
characteristic using the Tsu-Esaki model [13].  This model describes the electrical 
transport properties of a finite superlattice from the tunnelling point of view. 
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6.3.1: Theoretical Calculation of Resonant Level in Quantum Well 
 
Consider a finite depth double barrier structure as shown in Figure 6.2. An electron 
with an energy E, lower than a potential depth V0, is confined inside the well. The 
wave function of the electron, ψ(z) inside the well is defined in a similar manner to 
the case for infinite depth as shown below. 
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Here, the lowest (first) bound state in the well is an even function (cosine  function) 
and k is the wave number inside the well. 
 
 
 
Figure 6.2: Schematic diagram of the wave function of electron at the first bound 
state energy, Epk in the quantum well with finite barrier layers at the conduction 
band. The well width and potential depth are given as a and V0, respectively.  
 
 
The wave function outside the well is given by the Schrödinger equation, 
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where bm  is the effective mass for the barrier layers and E < V0. Solving the 
Schrödinger equation above gives 
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)exp()( zDz κψ ±= ,                                           (6.3) 
 
where κ is the imaginary part of the wave number. The sign of κ is chosen so that the 
argument of the exponential is always negative. 
 
As shown in Figure 6.2, the wave functions inside and outside the well, )(zψ have to 
be matched at the boundaries; z = a/2 and z = -a/2. Using equation (6.1) and (6.3), 
the matching condition at az
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Equally, taking the derivative of equation (6.4) yields 
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However, equation (6.5) does not conserve current if the heterostructure has two 
different effective masses. Therefore, the matching boundary condition in this 
equation needs to be modified.  For this case, the matching of derivative in equation 
(6.5) becomes 
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This change also modifies the wave numbers. The wave numbers inside the well, k 
and outside the well, κ are then given by: 
 

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 110 
with mw and Ecw are the effective mass and the bottom of conduction band inside the 
well, respectively. Similarly, mb and Ecb are the corresponding parameters outside the 
well. Here, the depth of the well, V0 is found to be Ecb – Ecw = Ec. 
 
The boundary condition in equation (6.6) gives 
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Equation (6.8) is then divided by equation (6.4) at ψ (a/2) to give 
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Using k from equation (6.7), the matching condition can also be written as 
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In this work, we find the value of energy, E that satisfies equation (6.10). This energy 
is equal to Epk. Once this energy is obtained, the values of k and κ can be found 
through equation (6.7). These values are then used in equations (6.1) and (6.3) to plot 
the wavefunction ψ(z), throughout the double barrier structure. For simplicity of the 
calculation, only the first (lowest) bound state energy will be calculated in this work.  
 
Figure 6.3 shows an example of the calculated probability of electron density 
distribution, |ψ|2(z) in a cubic Al0.1Ga0.9N/GaN double barrier heterostructure with 
the energy, Epk approximately 0.16eV. If the energy in the emitter region corresponds 
to this energy, the probability for an electron to tunnel the barrier will reach a 
maximum, thus giving a maximum current in the I-V characteristic. 
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Figure 6.3: The calculated distribution of electron wave function at the first energy 
bound state in Al0.1Ga0.9N/GaN double barriers structure.  
 
 
It should be noted that the probability of the tunnelling event is always described by 
the transmission coefficient as a function of energy, T(E). Therefore, T(E) is strongly 
influences the tunnelling properties of the RTD. In the following section, the 
calculation of T(E) is presented. 
 
6.3.2: Theoretical Calculation of Transmission Coefficient  
 
Consider an electron tunnelling through a single finite barrier with a potential, V0 and 
the barrier width of a, as shown in Figure 6.4.  The wave function, ψ(z) changes as 
the electron moves from region 1 to 3. This shows that the wave number, k is also 
changing between different regions.  
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Figure 6.4: A schematic diagram of the tunnelling of electron through a single 
barrier. The wave function of the electron changes as it moves towards different 
regions. 
 
 
The potential in regions 1 and 3 is zero. So, k1 = k3. Using a transfer matrix technique 
(see [14] for more details), the transmission amplitude, t7 is given by                                                    
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When E > V0, the individual transmission coefficient T = | t |2 is expressed as  
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where [ ] 2/1202 /)(2 VEmk −=  and the reflection coefficient, R = 1 - T. 
 
In the case of E < V0, the usual replacement k2 → iκ2 is made. Therefore, sin k2a = 
sin iκ2a = i sinhκ2a and transmission coefficient or transmission probability becomes  
 
                                                 
7
 It is the ratio of the amplitudes of transmitted and incident waves. 
 113 
1
2
2
0
2
0
2
222
2
2
1
2
2
2
1
2
2
2
1 sinh)(41sinh)(4
4
−








−
+=
++
= a
EVE
V
akk
kT κ
κκκ
κ
.        (6.14) 
 
 
If the energy is equivalent to the top of the barrier, E=V0, the transmission becomes 
 
 
1
2
0
2
0 2
1)(
−






+==

VmaVET    .                                        (6.15) 
 
 
For the simplicity of the calculation, this work focuses only on the case for E < V0. 
Hence, equation (6.14) is used in further calculation. 
 
Consider an electron travelling through finite barriers of thickness a in a double 
barrier structure. When the electron is trapped in the well, it tries to escape to the left 
and the right sides. For a convenient understanding, the transmission probability to 
the left is given by TL and to the right is TR.  Assuming the structure is symmetric, the 
transmission amplitudes for both directions are identical.
 
 
 
The velocity of the electron in the resonant state in the well is given by υ and the 
distance of a round trip is 2a. Thus, the electron tries to escape by hitting the left 
barrier υ/2a times per second. The probability of electron transmission through the 
left barrier is TL per event, giving the average escape rate at υTL/2a. The same thing 
also happens at the right barrier, hence giving the total average escape rate, 
υ(TL+TR)/2a. This equation is multiplied by ħ to convert the expression into energy. 
Thus, the full width at half maximum (FWHM), Γ of the resonant peak is given by 
 
( )RL TT
a
+=Γ
2
υ
                                             (6.16) 
 
Clearly, Γ decreases as a , is increased. From a more detailed mathematical analysis 
see [14]. The transmission coefficient as a function of energy can be approximated 
by 
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where Tpk reaches unity at the resonant state in the well. 
 
6.3.3: Theoretical Calculation of Tunnelling Current in DBRTD 
 
In this work, the tunnelling current-voltage (I-V) characteristic of AlxGa1-xN/GaN 
DBRTD is calculated numerically using Tsu-Esaki model, which was originally 
developed to describe the mechanism of tunnelling transport in a finite superlattice 
structure in the AlxGa1-xAs/GaAs system. The tunnelling current density in the 
tunnelling structure is given by  
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where EfE and EfC are the Fermi levels in the emitter and collector regions, 
respectively (please refer to Figure 6.1). In this case, EfC is equal to EfE – eV (V is the 
applied voltage). The integral equation describes the density of electron distribution 
as a function of E. Using the dependence of quasi Fermi level on electron 
concentration, EfE is estimated at around 0.09eV.  
 
Equation (6.18) indicates that the tunnelling current, RTJ  has strong T(E) 
dependence. From equation (6.17), it is found that the transmission through AlxGa1-
xN barriers depends on their thickness, db and height (which is determined by the 
aluminium fraction, x). The larger is T(E), the higher is the peak current density. 
However, the lifetime in the well decreases and from the uncertainty principle, the 
width, Γ of the resonant level in the quantum well increases, resulting in a broader 
resonant peak. On the other hand, if the barrier width/height of the tunnelling 
structure is designed to be larger, the resonant peak becomes narrower but the peak 
current is lower. These considerations show that designing an optimal performance 
of tunnelling device needs to achieve a compromise between peak current and 
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resonant width, which will be addressed in the later section. Details of the method of 
calculation used in this work are presented in Appendix I. 
 
 
6.4: MODELLING OF CUBIC AlxGa1-xN/GaN DBRTD  
 
 
In this work, the tunnelling I-V characteristics in AlxGa1-xN/GaN double barrier 
resonant tunnelling diode (DBRTD) have been calculated as a function of variation 
of band offset, well width, barrier composition, and barrier thickness. At the end of 
this calculation, an optimal design of cubic AlxGa1-xN/GaN DBRTD is suggested, 
promising the feasibility of fabricating and characterising the tunnel device.  
 
Figure 6.5 shows a cubic AlxGa1-xN/GaN DBRTD designed structure with undoped 
c-GaN well width of dw, sandwiched between undoped AlxGa1-xN barrier widths of 
db. This structure is clad by thicker n-doped cubic GaN layers for emitter and 
collector contacts.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5: A schematic of cubic AlxGa1-xN/GaN tunnel diode.  
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In this calculation, the material parameters for cubic GaN at 300K are assumed as 
follows; electron effective mass, m* =0.15m0 [15] and energy gap, Eg=3.2eV [16]. 
For cubic AlN, m* =0.25m0 [17] and energy gap, Eg=5.94eV [18]. It has been 
reported that cubic AlN has an indirect band gap around 5.34eV at X-valley [19]. 
However, the resonant tunnelling process is significant in direct gap semiconductor, 
while non-resonant tunnelling via indirect gap gives background [20]. These 
parameter values vary slightly at 77K; however, the changes do not impinge the 
occurrence of the tunnelling. The band gap for cubic AlxGa1-xN were estimated using 
Vegard’s Law, (assuming negligible bowing parameter) and their effective mass was 
determined using linear interpolation between the AlN and GaN values. For the ease 
of the calculation, only tunnelling through the first (lowest) resonant level in the 
quantum well is considered. 
 
6.4.1: Numerical Calculation of Resonant Energy in DBRTD structure   
 
Figure 6.6 shows the probability electron density distribution, |ψ(z)|2 in cubic AlxGa1-
xN/GaN double barriers structure with different Al fraction, which determines their 
barrier height. The well and barrier widths are given as 1nm and 2nm, respectively. 
As the barrier height is increased, the electron state in well is more confined and so, 
the width of the resonant level, Γ is smaller. Consequently, the coupling of the 
electrons to the plane wave decreases, and therefore reduces the probability of 
electron to tunnel through the barrier layers. On the other hand, lower barrier height 
increases the electron coupling and broadens the Γ but increases the tunnelling 
probability.  
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Figure 6.6: The calculated distribution of probability electron density at the 
conduction band for different Al composition, x of cubic AlxGa1-xN barrier layers.  
 
 
Figure 6.7 shows the first resonant energy (lowest) in GaN well layer as a function of 
well width for a cubic Al0.3Ga0.7N/GaN double barrier structure. The resonant 
energy, Epk shows negative parabolic dependence with well width and this agrees 
with the experimental data for cubic AlxGa1-xN/GaN MQWs structures [21].   
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Figure 6.7: The calculated resonant energy level in the well as a function of well 
width. 
 
 
6.4.2: Numerical Calculation of Tunnelling Current in AlxGa1-xN/GaN DBRTD  
 
Until now, a large ambiguity in the value of the band offset for cubic AlxGa1-xN/GaN 
still remains. For this reason, the tunnelling transport property will be studied in the 
device using different values of the band offset in the calculation. The value of the 
band offset is determined by the values of electron affinities for different materials, 
which are GaN and AlxGa1-xN in our case. So far, the complete set of values for both 
materials in cubic structure is not available. Therefore the electron affinities in the 
stable phase, which is hexagonal (wurtize) material, will be used as a first 
approximation. Table 6.1 shows the reported values of the electron affinity for GaN 
and AlN. In this case, the band offset of AlN/GaN at the conduction band is 
estimated at a given values of the electron affinity of GaN and AlN.  
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Table 6.1: List of the values of electron affinities for GaN and AlN from literature.  
 
Electron affinity for GaN,  
χGaN,  (eV) 
Electron affinity for AlN, 
 χAlN, (eV) 
Conduction band offset 
(χGaN- χAlN), (eV) 
3.4 [22] 1.9 [23] 1.5 
4.1 [24] 1.9 [23] 2.2 
4.1 [24] 0.6 [25] 3.5 
 
 
Based on the figures in Table 6.1, we estimated the band offset for AlxGa1-xN/GaN 
using a process of linear interpolation. Figure 6.8 shows the tunnelling I-V 
characteristic of Al0.3Ga0.7N/GaN DBRTD with different values of the conduction 
band offset. The conduction band offset of AlN/GaN, which is 1.5eV gives the band 
offset of Al0.3Ga0.7N/GaN of 0.45eV, 2.2eV gives 0.66eV and 3.5eV gives 0.54eV, 
respectively.  
 
In the figure, Curve 1 represents the conduction band offset of Al0.3Ga0.7N/GaN for 
0.45eV; curve 2 for 0.66eV and curve 3 for 0.54eV. The well and barrier widths are 
equal to 1nm. The NDR effect occurs at different voltages due to the different 
resonance energy, Epk for each band offset. Clearly, it shows that the peak current is 
found to be smaller as the conduction band offset is higher. The increase in the band 
offset, which increases the barrier height, provides stronger carrier confinement in 
the well. Thus, the resonant width, Γ is more defined but there is a reduction of the 
electron tunnelling and consequently the peak current. However, our results show 
that the width of the resonance, Γ is only slightly lowered as the band offset is 
increased, indicating a very weak effect of the band offsets on the resonance width. 
For the rest of calculation, the value of 2.2eV for the AlN/GaN band offset will be 
adopted as this value is widely used in other work, e.g [26].   
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Figure 6.8: The calculated tunnelling current-voltage of Al0.3Ga0.7N/GaN DBRTD 
with different conduction band offsets at room temperature. 
 
 
Figure 6.9 shows the dependence of peak current and resonant width, Γ on well 
width, dw for Al0.3Ga0.7N/GaN DBRTD. Clearly, the peak current decreases as dw is 
increased. In parallel, the resonant width, Γ also decreases when thickness is 
increased. In Figure 6.7, it is revealed that the increase in the well width lowers the 
value of Epk. Detailed inspection of equation (6.16) shows that lowering this energy 
decreases the resonant width, Γ and this is consistent with [27]. Thus, the peak 
current is lower as the well width becomes larger. On the other hand, smaller width 
gives higher peak current, but the resonant width, Γ is larger. Therefore a 
compromise between these two effects should be achieved for optimal device 
performance.  
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Figure 6.9:  The dependence of peak current and resonance width on the well width 
in Al0.3Ga0.7N/GaN double barrier device. 
 
 
In addition to this work, the influence of using different barrier widths in the 
calculation is studied. Figure 6.10 shows the I-V characteristic for Al0.3Ga0.7N/GaN 
DBRTD and the well width, dw = 1nm for different barrier width, db. Obviously, the 
peak current is found to be lower for larger barrier widths. Refer to equation (6.16), 
the increase in db reduces the resonant width, Γ and also decreases the peak current. 
Physically, this seems reasonable as the probability of electrons tunnelling across the 
barrier is limited by the thicker barrier.  
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Figure 6.10: I-V characteristic for Al0.3Ga0.7N/GaN DBRTD with different barrier 
thickness.  
 
 
As been discussed previously, it is important to design a device structure that reaches 
a compromise between maximum peak current and minimum resonance width, Γ. 
Therefore, it is worthwhile to define a "figure of merit" for the device that gives the 
ratio of the peak current to the width of the resonant peak. In this work, detailed 
calculation found that this figure of merit has a maximum value for a certain barrier 
width db at a given Al composition, x and the result is shown in Figure 6.11. It is 
clearly shown that, as expected, the optimum barrier thickness is smaller for higher 
Al content. 
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Figure 6.11: The optimum barrier thickness corresponding to the Al composition, x.  
 
 
It is generally accepted that growing DBRTD structure with very thin (sub nm) 
barriers is problematic, particularly in the cubic AlxGa1-xN system. This is due to 
layer thickness fluctuation and increased probability of breakdown under bias. 
Moreover, growing with high Al fraction is difficult and previous investigation 
showed that the hexagonal inclusions increase with Al content. Thus, Figure 6.11 
suggests that optimum structures may have barriers with less than 10% Al fraction 
and db >1nm.  
 
In addition, it is also important to understand the dependence of the tunnelling I-V 
characteristic with the variation of temperature. In this work, the tunnelling transport 
properties of the device with the optimal structural parameters for an 
Al0.1Ga0.9N/GaN DBRTD are calculated at 300K and 77K, and the result is shown in 
Figure 6.12. From the figure, the peak current at 77K is found to be slightly lower 
than that at 300K. This is expected as the resonant energy in the quantum well 
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becomes more defined at low temperature but the peak current is lower. This result 
only applies to the ideal case, where effects like contact resistance, thermionic 
current across the barrier and structural fluctuation are not taken into account. In a 
real experiment, these effects could influence the transport properties in the tunnel 
diode, for example change in the peak current and the NDR voltage and shape of the 
NDR effect. The discussions on the experimental results are presented in next 
section. 
 
 
 
 
 
Figure 6.12: I-V characteristic for Al0.1Ga0.9N/GaN DBRTD at different 
temperature.  
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6.5: VERTICAL TRANSPORT IN CUBIC AlxGa1-xN GaN DBRTD 
 
In this work, we have grown a number of cubic AlxGa1-xN/GaN DBRTD devices 
with different barrier heights, widths and lateral sizes by MBE. The vertical transport 
properties of the tunnel devices have been investigated through I-V measurement. In 
this work, we aim to find the tunnel devices that give a clear and reproducible NDR 
effect.  
 
6.5.1: Vertical transport in bulk tunnel device 
 
In the beginning of this work, a cubic Al0.1Ga0.9N/GaN DBRTD with well and barrier 
widths of 2nm had been characterised. The size of the device is around 1mm2. A 
positive bias is applied on the top contact of the device, which corresponds to 
forward bias. Therefore electrons are injected from the bottom contact.  
 
Figure 6.13 shows the I-V characteristic of the device at 300K and 77K. Like early 
measurement on III-arsenide tunnelling devices [28], no evidence of NDR is 
observed.  
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Figure 6.13: I-V characteristic for Al0.1Ga0.9N/GaN DBRTD. No NDR is observed.  
 
 
Figure 6.14 shows the dependence of conductance, dV
dI
 on the bias voltage for the 
tunnel device. It can be seen that there is a small signal around 0.6V. The signal may 
correspond to resonant tunnelling and it occurs at the voltage which is about 2 times 
higher than the calculated value. This difference probably arises from the structural 
fluctuation during growth, voltage drop across contact resistance [2] and scattering at 
defects and impurities. At room temperature, the signal is weaker, probably due to 
higher thermionic emission that considerably masks the evidence of the tunnelling in 
the device. 
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Figure 6.14: Dependence of the current and conductance, G on the applied voltage 
for Al0.1Ga0.9N/GaN DBRTD at 77K. A weak feature can be observed around 0.6V 
in the G-V characteristic.  
 
 
This observation indicates that the resonant tunnelling is negligible in I-V 
measurements. The difficulty in observing NDR could be due to the relatively large 
device used that causes the current contributions from structural fluctuation and 
scattering at defects and impurities to be more significant in the I-V characteristics. 
These factors mask the evidence of tunnelling in the device structure. However, such 
effects can be suppressed when the lateral size of the device is reduced. For this 
reason, we had fabricated a number of much smaller devices so that the NDR effect 
associated with tunnelling is clearly observed in the I-V characteristic.  
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6.5.2: Vertical transport in smaller device 
 
Our simulation results suggested that the optimum structures may have barriers with 
less than 10% Al fraction and barrier widths, db > 1nm. However, in a real situation, 
lower barrier height could increase the current from the thermionic emission, 
particularly at room temperature, and consequently suppresses the appearance of 
NDR in the I-V characteristic. In the following work, a number of ~50m diameter 
mesas of cubic Al0.3Ga0.7N/GaN tunnel devices with different structural parameters 
were fabricated by plasma etching. The well width is around 1nm for all type of 
samples. Table 6.2 shows the cubic Al0.3Ga0.7N/GaN tunnel devices grown with 
different barrier widths and with or without a GaAs buffer layer to improve the 
crystalline quality of the device structure. Similar to the previous measurements, a 
positive bias is applied on the top of the device; therefore electrons are injected from 
the bottom contact. On the other hand, negative bias allows the electrons to be 
injected from the top contact.  
 
Table 6.2: Detailed structure for the grown cubic Al0.3Ga0.7N/GaN DBRTDs. 
Wafer Barrier width (nm) GaAs Buffer layer (Yes/No) 
SN-298 3 Yes 
SN-299 5 Yes 
SN-300 5 No 
SN-301 3 No 
SN-302 4 No 
 
 
Figure 6.15 shows I-V characteristics for device SN-298 at room temperature. 
Clearly, there is a sharp NDR feature around 1.36V with a peak current ~0.049mA. 
The NDR voltage is found to be ~2 times higher than the theoretical prediction and 
this is probably due to voltage drops across other parts of the device and contact 
resistance in the device. Nonetheless, the NDR voltage is somewhat close to [9, 29]. 
The peak to valley ratio (PVR) is approximately 3.37 and it is almost similar to the 
typical value of PVR for hexagonal AlxGa1-xN/GaN DBRTD structures [9, 29, 30].   
 
 
 129 
 
 
 
 
 
 
 
 
Figure 6.15: Dependence of current on applied voltage for SN-298. The device 
shows a sharp NDR effect around 1.3V.  
 
 
It is important to confirm that the observed NDR effect in these devices is related to 
the existence of the barrier layers. In this work, we prepared a structure without the 
Al0.3Ga0.7N barrier layers. From the measurement, the structure showed a typical 
diode characteristic and the result is reproducible for a number of measurements. 
This suggests that the observed NDR effect must be associated with the presence of 
barriers in the structure.   
 
Moreover, the figure points out that the asymmetry of the I-V characteristic is due to 
the asymmetry of the potential in the device structure. Current for negative bias is 
negligible due to Schottky barrier between n+GaAs and GaN layers. From the figure, 
the turn on voltage of the Schottky diode is about 0.5V.  
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A number of devices had to be measured in order to find one that shows the NDR 
effect on the I-V characteristic. We suggest that the fluctuation of the grown layers 
may explain this behaviour. For example, some devices could have too small or too 
large barrier width and height that make current contributions from other 
mechanisms become more significant, which considerably suppress the evidence of 
the NDR effect in I-V characteristic.  
 
Figure 6.16 shows I-V characteristic for device SN-299 at low temperature. The 
NDR effect can be clearly seen at ~1.36V with a peak current and a PVR value of 
0.19mA and 2.88, respectively. The NDR voltage is found to be similar to device 
SN-298 as the well width in both devices is identical. Nevertheless, there are 
differences in the peak current and the PVR value in these devices and this could be 
due to the variation in the barrier widths. We suggest that the second NDR at ~2.74V 
corresponds to the maximum tunnel current at the second resonant level as this value 
is somewhat close to the estimated calculation, which is about 2.10V.  
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Figure 6.16: I-V characteristic for SN-299 at low temperature. Clearly, the NDR 
effect is observed at 1.36V. 
 
 
So far, we have demonstrated the evidence of NDR in several cubic Al0.3Ga0.7N/GaN 
DBRTD devices. Next, the reproducibility of the NDR effect of the tunnel device is 
investigated. Previous studies on hexagonal nitride devices reported that the NDR 
effect only appears once when sweeping from negative to positive bias and this is 
attributed to the large charge trapping phenomena due to piezoelectric and 
spontaneous fields in the device. It is well known that such fields are absent in the 
cubic nitride system. Here, we initially speculate that charge trapping in our case 
may originate from the internal fields near defects. To release the carriers from the 
traps, we propose to sweep the device in the opposite direction and then sweep it 
back to positive bias. Figure 6.17 shows the electrical properties of device SN-298 
for different directions of bias sweeping. Curve 1 shows the first sweep from -2 to 
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6V and the result is indicated by Curve 2. There is no NDR is observed and this 
agrees with the experimental observation by [9]. When the device is swept back from 
0 to -6V (Curve 3), the NDR feature still can not be reproduced. 
 
As has been demonstrated in [8], we also heated up the sample at 350°C, so that the 
trapped carriers could be released. Apart from that, we also shone UV light on the 
sample to restore the carriers from any traps. However, the NDR effect in the device 
is not reproducible in both experiments. This clearly shows that the irreproducibility 
of the result is not related to the trapping phenomena, which we wouldn’t expect in 
cubic material. We suspect that the device is already damaged due to high applied 
voltage and therefore no NDR effect can be observed again on the subsequent 
measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.17: I-V characteristic at different bias for SN-298. Clearly the NDR effect 
disappears in the subsequent sweeping.  
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In the next experiment, we used a different technique of measurement, where we 
immediately stopped the sweeping a few points after the end of the peak to prevent 
the device from breaking down. From that point, we swept the device down to 
negative bias and then swept it again from the negative towards the positive bias.  
 
Figure 6.18 shows the I-V characteristic for another device of SN-298, using this 
technique. Clearly, the NDR feature is reproduced in the subsequent positive sweep 
(from negative to positive side) and this reveals that the NDR feature is not related to 
the permanent breakdown of the device.  
 
 
 
 
Figure 6.18: I-V characteristic for another device of SN-298 using a different 
sweeping technique. Clearly, the NDR effect is observed in the subsequence 
measurements. 
 
 
-3 -2 -1 0 1 2
0
5
10
15
 
 
Cu
rr
e
n
t (m
A)
Voltage (V)
 First scan
 Second scan (opposite direction)
 Third scan
300K
 134 
The first sweep exhibits the NDR effect at 1.4V with a peak current and a PVR value 
of 17.60mA and 1.39, respectively. The NDR voltage for this device almost agrees 
with that for the first sample (refer to Figure 6.15) but its PVR value is lower. This is 
probably due to large background current (associated with non-resonant tunnelling, 
thermionic emission over the barriers, scattering assisted tunnelling process and 
leakage current through the surface states) that increases the valley current and 
consequently decreases the PVR. The change of the peak current and the shift in the 
NDR position in the subsequent positive sweep could be due to strong hysteresis that 
is typically expected in III-V nitrides.  
 
The evidence of the hysteresis in our cubic tunnel device is clearly shown in Figure 
6.19 for device (SN-302) at 77K. As can be seen, the position and the height of the 
NDR change between different sweeps. The strong hysteresis is generally expected 
from a wide energy gap and large band discontinuity in the nitrides system. The 
hysteresis phenomena is also commonly observed in GaAs devices [31, 32]. 
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Figure 6.19: I-V characteristic for SN-302 at different bias. Clearly, the signal of 
hysteresis is observed.  
 
 
Figure 6.20 shows the I-V characteristic for some tunnel devices with different 
structures (refer to Table 6.2) for the first sweep at 77K. It can be seen that the NDR 
voltage differs slightly between different devices even though the well width is 
similar in those devices. This is probably related to the existence of defects, contact 
resistance and variation in the grown layer.  
 
Nonetheless, the peak current varies considerably in different devices. The peak 
current is found to be lower as the barrier width increases and this agrees with our 
theoretical prediction. As the barrier becomes larger, the probability of electron 
tunnelling through the barrier decreases and consequently reduces the peak current.  
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Figure 6.20: I-V characteristic for some cubic Al0.3Ga0.7N/GaN devices with different 
structural parameters. The NDR effect is observed in all type of the samples. 
 
 
Tables 6.3 and 6.4 summarise the tunnelling transport properties for all cubic 
Al0.3Ga0.7N/GaN DBRTD devices with the variation of structural parameters at 300K 
and 77K, respectively. In general, device SN-298, SN-301 and SN-302 are highly 
reproducible. These devices have the barrier widths in between 3-4nm. However, the 
devices with 5nm barrier widths hardly give reproducible results at all. This shows 
that the change in the barrier width plays the main role in influencing the transport 
properties in cubic Al0.3Ga0.7N/GaN DBRTD rather than the growth of a buffer layer.  
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Table 6.3: Summary of the results from I-V measurement at 300K. 
 
 
 
Table 6.4: Summary of the results from I-V measurement at 77K. 
 
Wafer 
Barrier 
width 
(nm) 
Buffer 
(Yes/No
) 
Device 
number 
Peak 
voltage 
(V) 
Peak 
current 
density 
(A-cm-2) 
Peak to 
valley 
ratio 
Reproducible 
(Yes/No) 
SN-298 3 Yes 6 1.64 56.02 - No 
        
SN-299 5 Yes 3 1.51 187.40 - No 
   4 1.36 9.68 2.88 No 
        
SN-300 5 No 5 2.28 212.86 1.71 No 
        
SN-301 3 No 4 1.88 2436.66 - Yes 
   5 1.82 835.14 1.22 Yes 
   6 2.12 220.50 1.82 No 
   7 1.87 238.32 - No 
        
SN-302 4 No 2 1.60 57.54 - Yes 
   3 1.75 1366.77 - Yes 
   4 1.57 667.60 2.94 Yes 
 
 
Statistically, there is a correlation between irreproducibility and low current, for 
instance, SN-298 at 300K and SN-301 at 77K. We do not have a precise explanation 
for this behaviour. However, we may speculate the following: 
Wafer 
Barrier 
width 
(nm) 
Buffer 
(Yes/No) 
Device 
number 
Peak 
voltage 
(V) 
Peak 
current 
density 
(A-cm-2) 
Peak to 
valley 
ratio 
Reproducible 
(Yes/No) 
SN-298 3 Yes 1 1.40 896.24 1.39 Yes 
   2 1.48 564.91 - Yes 
   3 1.75 616.68 1.33 Yes 
   4 1.36 2.50 3.37 No 
   5 1.3 112.03 2.5 No 
        
SN-299 5 Yes 1 1.27 194.02 1.64 Yes 
   2 4.38 0.51 1.25 No 
        
SN-300 5 No 1 2.14 144.62 1.14 No 
   2 2.87 4.58 3.52 No 
   3 1.82 36.16 2.02 No 
   4 2.26 14.26 3.45 No 
        
        
SN-301 3 No 1 2.13 16.80 1.46 Yes 
   2 2.29 15.79 1.91 Yes 
        
SN-302 4 No 1 1.20 295.35 1.70 Yes 
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As has been mentioned before, the dimension of our cubic tunnel devices is about 
50m diameter. However, we must be aware that not all parts of the device are 
working because of problems like non-uniformity of the grown materials and damage 
to the device during etching process. Therefore, the active area may vary in different 
tunnel devices. Ideally, the current density should be similar in the same device 
structure. Thus, if the active area is small then the current would be low.  
 
If the active device is too small, the problem related to the structural fluctuation 
would be more pronounced. From the statistics, the NDR voltage is fairly consistent 
in different devices with the same structure. This implies that the fluctuation in the 
well width is not the major problem. However, it is suggested that the variation in the 
barrier thickness must be responsible for the irreproducibility of the device. This is 
possible due to the increased difficulty of growing cubic AlxGa1-xN. This is 
illustrated in Figure 6.21.  
 
 
  
 
Figure 6.21: Two possible consequences of structural fluctuations during the growth. 
 
 
The figure indicates how the barrier could be very small in the active area if the well 
or barrier layers are not uniformly grown. Where the barrier is thin, the tunnel 
current is concentrated there. However, the applied electric field is high and may 
GaN quantum well 
AlGaN barrier  
AlGaN barrier 
   Ideal structure  
   Active device 
   Active device 
  (a) Non-uniform barrier   (b) Non-uniform well 
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destroy the barrier leading to the breakdown of the device. From this mechanism, we 
propose that the irreproducibility of the tunnel devices at low current is caused by the 
small active area within the device, which causes the structural fluctuation problem 
to become more significant thus leading to breakdown of the device. Such a 
mechanism could also explain the irreproducibility of tunnel diodes in wurtzite 
(hexagonal) III-V nitrides as well as charge trapping phenomena.  
 
 
6.6: CONCLUSIONS 
 
In this chapter, an introduction to the underlying background physics on RTD 
structures has been presented. This is followed by a detailed numerical calculation of 
tunnelling I-V characteristic with the variation of band offset, well width, barrier 
composition and barrier thickness for cubic AlxGa1-xN/GaN devices. This calculation 
work proposes that the effects of the peak current and peak width need to be 
compromised for achieving optimum performance of the tunnel device. These results 
have been used to grow and characterise cubic AlxGa1-xN/GaN RTD devices with 
different structural parameters. We have successfully demonstrated that some tunnel 
devices show a clear NDR effect but not all of them are reproducible, probably due 
to severe problems with fluctuations in the grown layer. 
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CHAPTER 7: CONCLUSIONS AND FUTURE PLANS 
 
  
This chapter summarises the outcome from the studies of cubic GaN materials that 
have been carried out in this thesis. The use of cubic GaN in various aspects of 
device applications was also demonstrated. At the end of this chapter, some 
suggestions for future research will be outlined.  
 
 
7.1: STUDIES OF CUBIC GaN 
 
In the early part of this project, we reported a study on cubic GaN material with the 
variation of III/V ratio, growth rate and wafer position. Using PL and XRD 
measurements, we found that all these factors influence the increase of hexagonal 
inclusions in cubic GaN, leading to poor quality in cubic nitride growth. This 
problem however is more significant when the thickness of cubic GaN is increased. 
From the calibration work, a ~50m cubic GaN layer has been grown for the first 
time with a low average proportion of hexagonal inclusions of around 10% and just 
few percent at the interface of cubic GaN and GaAs substrate. Thus, the interface 
would be the most suitable surface for further growth. 
 
Next, we investigated the fundamental properties of cubic GaN using picosecond 
acoustic measurements. In this material, the sound velocity is found to be 6.9±0.1 
kms-1, elastic constant = 285±8GPa and the refractive index at 400nm = 2.63±0.04. 
Comparison with hexagonal GaN films indicated that these parameter values differ 
considerably in different symmetry of GaN. These show the usefulness of our layers 
for determination of the basic properties of cubic GaN using a wide range of 
techniques. 
 
From the Hall transport measurement, the electrical properties of undoped cubic GaN 
samples depend on growth conditions and thickness. In this work, we successfully 
demonstrated p-type cubic GaN:Mn using C-doping and n-type behaviour from Si-
doped cubic GaN. However, these samples have high electron density but low 
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mobility as the residual impurities and intrinsic defects were found to be higher 
inside the samples. 
 
In this thesis, we extended the technology of growing cubic GaN to cubic AlxGa1-xN. 
A number of cubic AlxGa1-xN samples with different Al content, x were grown and 
characterised by PL measurement. We found that the hexagonal PL starts to 
dominate when x is increased, even for thin samples. This could be due to the 
problems of maintaining cubic AlxGa1-xN growth. It could also be due to the 
miscibility gap between AlN and GaN. More results and data are required to explain 
this behaviour. 
 
 
7.2: PROCESSING OF CUBIC GaN SUBSTRATE 
 
The study on bulk cubic GaN showed that the interface between the cubic GaN and 
the GaAs substrate has only few percent of hexagonal content. Thus, the surface that 
was in contact with GaAs is the most suitable surface for further processing and 
growth. Due to the effect of strain, As inclusions and defects were already formed on 
the surface. By polishing the surface for ~2 hours, these problems were minimised 
and the surface still had low hexagonal content. In this work, the first working 
InGaN LED device grown on a polished free-standing cubic GaN substrate has been 
demonstrated. Our polished cubic GaN substrates also improve the quality of the 
grown device as been measured by luminescence and I-V characteristics.  
 
 
7.3: CUBIC NITRIDES BASED RESONANT TUNNELLING DIODE 
 
In the first stage of this work, the I-V characteristics of cubic AlxGa1-xN/GaN 
DBRTD were calculated for various band offset, well width, barrier composition and 
barrier thickness parameters. From this work, optimal designs of cubic AlxGa1-
xN/GaN tunnel diodes that could be fabricated and characterised were proposed. The 
result was then used as a starting point for the growth of cubic AlxGa1-xN/GaN 
DBRTD. A number of cubic AlxGa1-xN/GaN tunnel devices with different structural 
parameters were grown. Some devices showed a clear NDR effect but not all of them 
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are reproducible due to breakdown of the device. This factor may also contribute to 
the irreproducibility of wurtzite (hexagonal) nitride based tunnel diodes in addition to 
the problem related to charge trapping.  
 
7.4: SUGGESTIONS FOR FURTHER WORK 
 
In this project, we successfully demonstrated ~50m bulk cubic GaN samples with 
low hexagonal content of about 10%. For further investigation, it would be practical 
if we use the samples to fill gaps in the table of properties of cubic GaN (in Chapter 
2), e.g electron affinity.  
 
We tried to understand the dependence of the electron properties of undoped cubic 
GaN layers on the layer thickness. However, such behaviour can not be well 
understood due to insufficient statistics and data. In fact, the measured samples were 
taken from different part of the wafer, where the growth conditions vary across a 
wafer. This makes the results incomparable. Thus, for future work, we suggest using 
the centre part of the wafer for each measured sample, as it has lower hexagonal 
inclusions, as determined from PL measurement, and makes the analysis more 
comparable.  
 
In this work, we reported a working InGaN/GaN based LED on our free standing 
cubic GaN substrate for the first time. In future, we may invest this technology for 
making a high efficiency cubic nitride based laser diode (LD) as the effect of strain 
and piezoelectric and spontaneous fields would be insignificant. 
 
We also used the growth technology of cubic GaN to grow cubic AlxGa1-xN. 
However, the data analysis is insufficient to elucidate the dependence of hexagonal 
content on Al content, x. Therefore, a suitable growth for cubic AlxGa1-xN needs to 
be developed so that such behaviour can be well understood. Similar work can also 
be done for cubic InxGa1-xN in order to complete the study on cubic III-nitrides 
materials. 
 
If the growth of cubic AlxGa1-xN is well established, then problems with barrier 
fluctuation can be reduced. This decreases the risk of damaging the tunnel device, 
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giving higher reproducibility of the device. If this project is given more time, 
fabrication and characterisation of cubic AlxGa1-xN/GaN DBRTDs with a wider 
variety of designs such as different well widths and barrier heights would be 
undertaken. From this work, more statistics and data on the tunnel devices would be 
available and eventually the optimum possible structure of the device can be 
proposed.  
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Appendix  
 
The calibration procedure to estimate the percentage of hexagonal material in a 
bulk cubic GaN. 
 
It is well known that the equation for a linear graph is given as 
 
cmxy +=                                                      (1) 
 
where m is the gradient of the graph and c is the intersection at y-axis. From Figure 
4.8, the dependence of PL intensity on distance from GaAs/GaAs interface shows 
that c is zero and m = 0.3627. Therefore the average of PL intensity is found to be 
 
Average of PL intensity ( )dm ×=
2
1
                                   (2) 
 
where d is the total thickness (distance) of the cubic sample that had been excited by 
micro laser, which is 35m. Solving equation (2), the average of PL intensity is equal 
to 6.3473. 
 
The same procedure is applied for finding the percentage of hexagonal as a function 
of thickness. By assuming k is the gradient for the dependence of the hexagonal 
percentage on thickness, therefore 
 
Average of PL intensity = k × Average of hexagonal percentage             (3) 
 
Knowing that the average of PL intensity = 6.3473 and average of hexagonal 
percentage = 10%, thus k becomes 0.6347. Correspondingly from equation (3), the 
percentage of hexagonal can be estimated by  
 
The percentage of hexagonal percentage = 
k
1
=  × PL intensity                 (4) 
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Form Load 
• Defining parameters 
• Put appropriate expected  range for Epk 
 
 
Choose an energy within the given range. 
 
 
Calculate the value of equation (6.10) 
 
Else 
 
If whole range of energy has been scanned, 
reduce step size and go back to first energy 
value. 
 
Calculation continues without any change in 
the range of Epk 
 
 
If 
The value of Eqn. (6.10) has changed from 
positive to negative or vice versa, change range 
to be between previous energy value and current 
energy value. 
 
The value of Eqn. (6.10) is zero to within 
specified tolerance. 
Form Load 
• Use the values of k and κ  to find C, D and D’. 
• Complete equation of wavefunction is obtained 
MATLAB 
• Plot the wavefunction versus z-direction 
 
• The final values of k and κ are obtained 
 
Calculating the first energy level in the quantum well and plotting the electron 
wavefucntion in AlxGa1-xN/GaN double barrier structure using MS Visual Basic 
 
The first part of this section shows the numerical method of calculating the first 
energy level, Epk and plotting the distribution of electron wavefunction, |ψ|2(z) 
throughout a double barrier AlxGa1-xN/GaN structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The flow chart on calculating the first energy level, Epk and the distribution 
of electron wavefunction, |ψ|2(z).  
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The example of simulation program 
 
1. Finding k and κ  
 
Private Sub Command1_Click () 
 
Dim Fsteps(100000) As Double 
Dim stepindex As Double 
Dim stepsize As Double 
Dim x As Double 
Dim y As Double 
Dim En As Double 
Dim k As Single 
Dim kappa As Single 
Dim V0 As Double 
Dim Fsteps(10000) As Double 
Dim prev As Double 
 
m0 = 9.109 * 10 ^ (-31) 
mw = 0.15 
mb = 0.16 
a = 1 * 10 ^ (-9) 
pi = 3.142 
hbar = 1.055 * 10 ^ (-34) 
Ecw = 0 
Ecb = 5.607 * 10 ^ (-20) 
V0 = 5.607 * 10 ^ (-20) 
delta = 1E-37 
stepindex = 1 
nsteps = 1000 
x = 1E-20 
y = 5E-20 
stepsize = (y - x) / nsteps 
 
                 
Do Until (stepsize <= delta) 
    For En = x To y Step stepsize 
 
Fsteps(stepindex) = ((mw / mb) * (((V0) / (En - Ecw)) - 1)) ^ (1 / 2) - Tan((((a ^ 2) *  
           m0 * mw * (En - Ecw)) / (2 * (hbar ^ 2))) ^ (1 / 2)) 
                     prev = ((mw / mb) * (((V0) / ((En - stepsize) - Ecw)) - 1)) ^ (1 / 2) –  
                                Tan((((a ^ 2) * m0 * mw * ((En - stepsize) - Ecw)) / (2 * (hbar ^  
                                2))) ^ (1 / 2)) 
 
  'Calculate k (prev) 
                    k = ((2 * m0 * mw * ((En - stepsize) - Ecw)) / (hbar ^ 2)) ^ (1 / 2) 
 
 'Calculate kappa (prev) 
                    kappa = (mb * k / mw) * ((mw / mb) * (((2 * m0 * mw * V0) / ((hbar ^  
                                   2) * (k ^ 2))) - 1)) ^ (1 / 2) 
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    'view all value 
        List1.AddItem En 
        List2.AddItem Fsteps(stepindex) 
        List3.AddItem k 
        List4.AddItem kappa 
         
   If (Fsteps(stepindex) >= 0 And prev < 0 Or Fsteps(stepindex) < 0 And prev >= 0  
   Then 
 
         List5.AddItem En 
          List6.AddItem Fsteps(stepindex) 
         List7.AddItem En - stepsize 
         List8.AddItem prev 
         List9.AddItem k 
         List10.AddItem kappa 
      
GoTo continue 
                
    End If 
         
Next En 
 
continue: 
         x = En - stepsize 
         y = En 
         nsteps = nsteps * 4 
         stepsize = (y - x) / nsteps 
         stepindex = stepindex + 1 
         
Loop 
 
End Sub 
 
 
2. Finding C, D and D’ 
 
Private Sub Command1_Click() 
Dim C As Single 
Dim D1 As Single 
Dim D2 As Single 
Dim k As Single 
Dim kappa As Single 
Dim a As Single 
 
k = Val(Text1.Text) 
kappa = Val(Text2.Text) 
a = Val(Text6.Text) 
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'Calculate C, D1 and D2 
    C = 1 / (((Cos((-k * a) / 2) ^ 2 / (2 * kappa)) + (a / 2) + (Sin(k * a) / (4 * k)) –  
            (Sin(-k * a) / (4 * k)) + (Cos((k * a) / 2) ^ 2) / (2 * kappa)) ^ (1 / 2)) 
    D1 = Cos((-k * a) / 2) / Exp((-kappa * a) / 2) * C 
    D2 = Cos((k * a) / 2) / Exp((-kappa * a) / 2) * C 
     
    Text3.Text = D1 
    Text4.Text = C 
    Text5.Text = D2 
     
 
End Sub 
 
 
3. Plotting through MATLAB 
 
a=1e-9; 
>> z1=-2.5e-9:1e-11:-a/2; 
>> z2=-a/2:1e-11:a/2; 
>> z3=a/2:1e-11:2.5e-9; 
>> k=767512241.584245; 
>> kappa=320232031.192469; 
>> psi1=18044.72*exp (kappa*z1); 
>> psi2=16580.93*cos (k*z2); 
>> psi3=18044.72*exp (-kappa*z3); 
>> plot(z1, psi1.^2,'b'); 
>> hold on 
>> plot(z2, psi2.^2,'b'); 
>> plot(z3, psi3.^2,'b'); 
>> set(gca,'fontsize',18); 
>> xlabel('z (nm)'); 
>> ylabel('\Psi^{2}'); 
>> title('Wavefunction, (\Psi^2) versus z-direction'); 
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Calculating the tunnelling current in AlxGa1-xN/GaN double barrier structure 
 
The second part of this section describes the numerical procedures for calculating the 
tunnelling current in AlxGa1-xN/GaN double barrier structure. Firstly, structural 
parameters, such as well and barrier widths and its corresponding Epk, k and κ are 
given in the numerical program. Related constants are also defined in the program. 
Using this information, the integral tunnelling current in the device structure is 
calculated as a function of bias voltage, V. A example of simulation script is given as 
follows. 
 
 
The example of calculating tunnelling current 
 
 
 
clear all 
  
V0 = 0.44;  
κ =7.6620* 10 ^ (8); % 
k_well=1.1012* 10 ^ (9);  
a = 2 * 10 ^ (-9); dw=1* 10 ^ (-9);  
κa= κ *a;    
Epk0 = 0.308304174;  
mass=0.15*(9.109*10^(-31));  
h=4.14*10^(-15); 
pi=3.142;  
hbar = 6.588160407 * 10 ^ (-16);  
vel = hbar*1.6e-19*k_well/mass;  
hv=hbar*vel; 
q=1;  
Ef1 = 0.09128;     
kb = 8.62 * 10 ^ (-5); 
Temp = 300;   
kT=kb*Temp;   
   
qV=0;    
Epk=1;    
M =300;   
aqV = (1:M)'*(0.01);      
aQ = zeros(M,1);  
  
for n = 1:M       
    qV = aqV(n)       
    Epk = Epk0 - (0.5 * qV) 
    
 152 
     
aQ(n)= quad(@(E)(1./(1+(((E- Epk)./0.5).^2).*((a./hv).^2).*((1+((V0.^2).*((exp(κa)- 
exp(-κa)).^2))./(16.*E.*(V0-E))).^2)).*(log(((1+exp((Ef1-E)./kT))./(1+exp((Ef1-qV-
E)./kT)))))).*((q.*mass.*kT)./(2.*(pi.^2).*(hbar.^3))),0.00001,0.09128) 
            
end 
  
plot(aqV,aQ)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
